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Editorial on the Research Topic
Responsive biomaterials for controlled release and cancer theranostics

Nowadays, cancer has become a major public health problem worldwide. Responsive
biomaterials undergo changes specifically in response to specific environmental induction,
providing potential clinical applications for controlled release, cancer therapeutics
diagnostics and personalized medicine. The microenvironment of tumor site is
significantly different from that of normal site, such as higher temperature, lower
pH value or secretion of certain specific enzymes. Recently, a great quantity of stimuli-
responsive biomaterials have been engineered for biomedical applications using different
environment stimulus, which could be chemicals such as pH, glucose, enzymes, or physicals
such as ultrasound, light, temperature, radiation, or their combinations.

In this Research Topic, we consisted of 10 articles, including six articles, two review
articles and two mini reviews, contributed by 67 researchers worldwide. The original
research articles involved multiple delivery systems: nanohybrid hydrogels,
nanoemulsions, microcapsules and other nanoparticles or nanosheets. These
nanosystems were rationally designed and synthesized of novel responsive nanomaterials
for controlled release and cancer theranostics or other disease treatments, providing
enormous references for their clinical applications.

There are two review articles on this Research Topic. In a review article, Ding et al.
provided a systematic summary of photothermal nano hydrogels and discussed their
biomedical applications. They noted that the preparation of photothermal nanohydrogels
should focus on the photothermal nanomaterials, and summarized the most commonly used
photothermal agents including nanomaterials made of metal, carbon based, metal sulfide/
oxide, polymer, black phosphorus, MXenes, organic dye and other composite nanomaterials.
The authors highlighted the applications of photothermal nanocomposite hydrogel in drug
release, photothermal anti-bacterial and wound repair, photothermal inhibition of cancer,
bone tissue regeneration, and other aspects such as hydrogel eye piece or electric response
hydrogel. In another review article, Qian et al. summarized the advantages and disadvantages
of several widely used nanomaterials including mesoporous silica nanoparticles (MSNs),
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quantum dots (QDs), gold nanoparticles (AuNPs), liposomes,
carbon nanotubes (CNTs), and magnetic nanoparticles (MNPs)
for the treatment of urinary tract tumor in the areas of
controlled drug release, biosensing, tumor imaging and treatment
therapy. They pointed out that more clinical studies would be
needed to confirm the safety and efficacy of nanoparticles in
tumor diagnosis and therapy.

The two mini reviews summarized the graphene-based
nanomaterials and chitosan-based hydrogels for stimuli-
responsive drug-delivery systems, respectively. Khakpour et al.
first introduced the crystal structure and excellent optical,
electrical, and  thermal properties of  graphene-based
nanomaterials including graphene oxide (GO) and graphene
quantum dots (GQDs). Then, the derivative modification for
drug  delivery with  polymers, biomacromolecules and
nanoparticles were discussed. In the end, the authors listed the
potential and progress of stimuli-responsive drug delivery from six
aspects: pH-sensitive, redox-responsive, ROS-responsive, NIR-
responsive, thermo-responsive, and electro-responsive. Garshasbi
et al. indicated that injectable chitosan-based hydrogels could offer
tremendous potential for drug delivery and tissue engineering due to
their better biocompatibility, strong adhesion and hemostatic
activity. They dedicated the applications and advantages of
injectable chitosan-based hydrogels in cartilage healing, bone
tissue engineering, dental pulp stem cells, and anti-cancer drug
delivery system. By utilizing the carrier capacity and handling
flexibility of in situ gelation, they suggested to regulate the
dosage of a hydrogel formulation, since the injectable gel must
undergo a sol-gel transition near or at the intended insertion site.

In this Research Topic, all of the original studies presented
crucial aspects regarding the preparation, modification, and
potential clinical translation of responsive biomaterials. pH-
sensitive biomaterials take advantage of the lower pH of tumor
microenvironment to achieve tumor drug targeting, improving
with
photodynamic or photothermal therapy. Combined chemo-

anticancer  therapeutic  efficacy =~ when  combined
photodynamic therapy (chemo-PDT) is always impeded by
macrophage clearance and nonspecific distribution in healthy
tissues, so extracellular acidity (pH. ~6.5-6.8) in the tumor
matrix is a promising stimulus. Zhang et al. constructed a mixed
polymeric micelle ("*NPcy) that encapsulates chlorin e6 (Ce6) as
the photosensitizer and hypoxia-induced prodrug tirapazamine
(TPZ), finally achieved controlled photodynamic therapy and
hypoxia-activating chemotherapy through pHc-induced TAT
presentation in the tumor matrix. In an original study, Yin et al.
developed a novel drug delivery system using surface modification of
polydopamine (PDA) and a folate-targeting ligand, which achieves
pH-responsive, long-term circulation in vivo, active targeting
functions and provides a promising chemotherapy strategy for
improving the treatment of oral cancer. The PDA membranes
exhibited pH effect, which

facilitated drug release in the acidic tumor microenvironment

sensitivity and photothermal

under  laser irradiation, demonstrating remarkable
chemotherapeutic-photothermal synergy. In another work, Sun
et al. designed a paclitaxel loaded, hyaluronan-conjugated
polypyrrole-baced nanoparticle with a cystine dihydrochloride
connecting arm for reduction response. It exhibited favorable

photothermal effects and enhanced drug release through a
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combined response to temperature and redox, indicating
promising potential for synergistic chemo-photothermal therapy.

One article has been published related to imaging-guided cell
tracking. Imaging technologies for tracking cells in vivo may provide
non-invasive, real-time, quantitative, and multi-dimensional
information about the cells. Tang et al. fabricated a partially
fluorinated paramagnetic nanoemulsions using perfluoro-tert-
butyl benzyl ether, a partially fluorinated agent, for "F MRI-
fluorescence imaging (FLI) dual-modal cell tracking, showing
improved physicochemical properties while maintaining high "°F
MRI sensitivity for dual imaging cancer cells tracking.

In addition to improving the anti-tumor therapeutic effect as
drug delivery carriers, some progressive response biomaterials also
exhibit great potential in the treatment of other diseases. Wang et al.
encapsulated magnolol that extracted from magnolia plants to
construct poly (DL-lactide-co-glycolide)-poly (ethylene glycol)
(PLGA-PEG) nanoparticles, and investigated their preventive and
therapeutic effects on OVA-induced chronic asthma in mice. In
another article, Xu et al. focused on a lidocaine-embedded polylactic
acid-glycolic (Lidocaine@PLGA)

microcapsule for relieving sciatica nerve pain. They indicated that

acid ultrasonic-responsive
the use of ultrasound as a trigger switch could achieve ultrasound-
triggered rapid release of lidocaine from the microcapsule.

In conclusion, the current Research Topic reports different types
of responsive biomaterials and their broad applications in controlled
release, cancer theranostics and other personalized medicine,
providing new chances for developing advanced drug delivery
systems towards clinical translation.
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Redox-responsive
hyaluronan-conjugated
polypyrrole nanoparticles
targeting chemo-photothermal
therapy for breast cancer

Jingjun Sun®?*', Shuangjiu Zhu'*', Weixuan Xu®* and
Guoqin Jiang**
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Hospital of Lianyungang City, Lianyungang, China, “School of Medicine, Nantong University, Nantong,
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The combination of chemo-photothermal therapy has a wide application
prospect in the intensive treatment of cancer. In this study, we developed a
complex nanoparticle consist of polypyrrole, cystine dihydrochloride and
hyaluronan. The polypyrrole nanoparticles loaded with paclitaxel exhibited
good photothermal effects, and the drug release can be triggered by
combined response of temperature and redox. In vitro biological studies
indicated the nanoparticles could effectively induced apoptosis of MDA-MB-
231 breast cancer cells involved in the potential mechanism of inhibition of
biological expression of heat shock proteins and JAK-STAT signaling pathway.
In addition, the nanoparticles have a significant inhibitory effect on cancer
growth in breast tumor-bearing mice model, indicating that they have great
potential for synergistic chemo-photothermal therapy.

KEYWORDS

polypyrrole, redox responsive, effects,

chemophotothermal therapy

hyaluronan, photothermal

Introduction

Breast cancer has the highest mortality and morbidity among women and poses a
serious threat to women’s health (Bray et al., 2018). Cancer cells can be effectively killed by
photothermal therapy through the thermal effect of photothermal agents under near-
infrared irradiation (NIR) (de Melo-Diogo et al., 2017; Liu et al., 2019; Li and Pu, 2020;
Luo et al., 2021; Zhang et al., 2021). Because NIR-II laser (1,000-1,350 nm) can penetrate
tissue deeper and have better biocompatibility than NIR-I lights (650-950 nm), NIR-II-
responsive photothermal agents have recently received much attention (Geng et al., 2020;
Yu et al,, 2021; Xu et al., 2022). Polypyrrole (PPy) is one of the commonly reported NIR-
II-responsive photothermal agents, and it shows many advantages, such as facile
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preparation, good biocompatibility, and high photothermal
conversion efficiency (Song et al., 2015; Mi et al,, 2017; Guo
et al,, 2019; Xu et al,, 2022). However, the researches on PPy-
based nanoparticles with distinct absorbance in the NIR-II bio-
window are limited.

The stimulatory-responsive drug delivery system has
gained a lot of attention, which can promote the release of
intracellular drugs and further enhance the killing effect of
tumor. With the further understanding of cancer and the
microenvironment of cancer tissue, scientists have confirmed
that the proliferation, invasion and metastasis of cancer cell
are highly related to the abnormal changes of cancer tissue
microenvironment (Zhang et al., 2019). Through exploring
the features of cancer tissue microenvironment, drug delivery
system can be correspondingly designed to release drugs at
specific sites or respond to specific stimuli, which will improve
the delivery efficiency, enhance the bioavailability of drugs, as
well as reduce toxic and side effects (Hossen et al., 2019).
Glutathione (GSH) is a powerful antioxidant. There is higher
concentration of GSH in cancer tissues than that in normal
tissues. Therefore, redox properties can serve as potential
stimuli to control drug release. It has been reported that
the overexpression of CD44 receptor of hyaluronan (HA)
existing in many different types of tumor cells (Misra et al.,
2011). Therefore, HA is a potential tool to enhance the tumor
targeting effect of drug carriers.
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Herein, we aim to design a multi-functional PPy based
nanoparticles that can be used in synergistic chemo-
photothermal therapy. The multifunctional PPy based
nanoparticles (PCH) consists of PPy, cystine dihydrochloride
(Cys) and HA. Cys connecting arm can endow the nanoparticles
with the characteristics of reduction response. Thus, this system
can not only ablate tumors through photothermal effect, but also
trigger drug release in tumor microenvironment by reduction-
responsive stimuli. Structures, photothermal effect, and redox/
temperature dependent drug release pattern of the PPy based
complex nanoparticles were studied. In addition, cytostatic
experiments and mechanisms were performed on MDA-MB-
231 cells. The anti-tumor effects of paclitaxel (PTX) loaded PCH

nanoparticles breast tumor-bearing mice were also evaluated.

Materials and methods
Materials

Pyrrole (Py) was obtained from Rhawn (Shanghai, China).
Pyrrole-1-propionic acid (Py-COOH), polyvinyl alcohol (PVA,
Mw:  89,000-98,000),  1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS) and Ferric chloride hexahydrate (FeCl;) were
purchased from Macklin (Shanghai, China). Hyaluronic acid

PPy-COOH
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Cumulative release curve of PTX/PCH nanoparticles in different media and temperature.
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[HA, MDMW: 22 x 105 Da)] was supplied by Nantong Feiyu
Biotechnology Co., Ltd., Paclitaxel (PTX) was obtained from
Group Co., Ltd, Cystine
dihydrochloride (Cys) from Shanghai Aladdin Biotechnology
Co., Ltd.

Yangtze  Pharmaceutical

Synthesis and characterization of
nanoparticles

PPy-COOH nanoparticles were firstly prepared according
to previous work. Briefly, FeCl; (0.6 g) was added to 10 ml 8%
PVA solution and stirred for 1 h. Then, Py and Py-COOH
(0.376 g) was added into the solution at 4°C, the mass ratio of
Py to Py-COOH was set as 1:1. The chemical oxidation
polymerization of Py/Py-COOH monomer was carried out

A Control PTX PCH

for 4 h at4°C. 0.24 mg EDC and 0.192 mg NHS were dissolved
in 20ml water, and then added into the PPy-COOH
nanoparticles solution for 2h. After that, 0.6g Cys was
added into above activated PPy-COOH nanoparticles
solution and stirred for 24 h at room temperature. PPy-Cys
nanoparticles were obtained through centrifugation and
purification. 12 mg EDC and 9 mg NHS was added in to
2 ml HA solution for 0.5h. Then, it was added into 18 ml
above PPy-Cys nanoparticles solution and stirred for 12 h at
room temperature. Finally, PPy-Cys-HA (PCH) nanoparticles
were collected through centrifugation and purification.
Chemical analysis of the nanoparticles was characterized
using a FTIR (TENSOR 27, Bruker, Germany). Samples were

1

scanned at resolution of 2cm™ in transmission mode.
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Scanning range is from 4,000 to 400 cm™'. Morphological

information of the nanoparticles was collected using a
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scanning electron microscopy (SEM, ZEISS Gemini SEM 300,
Germany). Diameter of the nanoparticles were measured

using an Image] 1.40 G software.
Near-infrared irradiation-photothermal
effect

Aqueous solutions of PCH nanoparticles at different

concentrations (0, 0.5, and 1 mg/ml) were irradiated with a
1,064 nm laser (1.0 W/cm®) for 5 min. Photothermal images
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were caught every 1min using a thermal imaging camera
(FLIR C3, Fluke, United States).

Drug loading and release

PTX-loaded PCH (PTX/PCH) nanoparticles were also
prepared as described above. The in vitro release of PTX
(initial concentration: 50 pg/ml) from PTX/PCH nanoparticles
(0.5 ml) was investigated using a dialysis bag at 37°C in 25 ml PBS
(10 mM, pH 7.4) either in the presence or absence of 20 mM
DTT (to simulate a highly reduced tumor microenvironment). At
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Transcriptomic sequence. (A) Volcano map of TCP and PTX/PCH + NIR. (B) Heatmap of differentially expressed genes in TCP and PTX/PCH +

NIR groups. (C) KEGG pathway enrichment. (D) GO terms
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predetermined time intervals, 5 ml of release buffer was sucked
out and supplemented with an equal volume of fresh buffer. The
amount of released PTX was measured by high performance
liquid chromatography (HPLC).

Cytotoxicity study

MDA-MB-231 cells were seeded into 96-well plates (8 x
0’ cells/well) and incubated with 0.5 mg/ml PCH and PTX/
PCH nanoparticles for 24 h. Cells treated with PBS were
served as control. In addition, MDA-MB-231 cells were
laser-irradiated with PCH and PTX/PCH nanoparticle
groups for 5min and further incubated for 24 h. CCK-8
assay was used to determine the viability. Cells were
stained with dead/live kit for 15 min. Then, cells were
washed with PBS
microscope (Nikon Ti-DH).

and observed by fluorescence

Cell apoptosis assay
MDA-MB-231 cells were seeded into 12-well plates (5 x 10° cell/

ml) and incubated for 24 h. Cells were washed twice with PBS and
medium containing 0.5 mg/ml PCH and PTX/PCH nanoparticles

Frontiers in Bioengineering and Biotechnology

11

were added, respectively. After being cultured for 12 h, the cells were
washed twice with PBS and 1 ml fresh medium was added. NIR
groups were irradiated with a 1,064 nm laser at a power of 1 W/cm®
for 1 min and non-NIR groups were not treated. After incubation of
another 6 h, the cells were washed twice with PBS and digested with
trypsin. The cells were centrifuged and collected. Finally, the cells were
processed according to the instructions in the MuseTM Annexin V
and Dead Cell Kit (Merck, Germany). The result was recorded using
Muse Cell Analyer (Merck, Germany).

Intracellular reactive oxygen species
detection

To detect the amount of ROS, MDA-MB-231 cells were
incubated with different samples and then the probe DCFH-DA
(10 uM) was added to each well. 30 min later, the medium was
removed, and the cells were washed with PBS and observed under a
fluorescence microscope (Nikon Ti-DH).

Western blot analysis

MDA-MB-231 cells were seeded on a 6-well plate and
cultured for 12 h. After different treatments, cells were
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harvested and washed three times with PBS. The cells were
then collected and further lysed for Western blot analysis.

High-throughput RNA-seq

For transcriptomic sequencing, MDA-MB-231 were
seeded onto a 6-well plate and cultured overnight. After
distinct treatments, the cells were harvested, and TRIzol
was used for total RNA isolation. The isolated total RNA
RNA
concentration was determined and total RNA quality

was stored in liquid nitrogen ready for use.

inspection was performed. RNA libraries were then
prepared by PCR amplification. Finally, sequencing was
performed on the RNA-seq platform according to the
manufacturer’s instruction, and the data obtained were

processed by Genewiz Co. Ltd.

In-vivo antitumor efficacy

Therapeutic effect of PTX-loaded PCH nanoparticles was
evaluated in nude mice bearing MDA-MB-231 breast cancer
xenografts. All the animal experimental procedures were
approved by the ethical committee of Soochow University.
When the volume of the tumor was in the range of
30-40 mm®, the treatments were initiated (day 0). The
mice were randomly divided into two groups, and there
are six in each group. All mice were injected with PTX/
PCH nanoparticles (5 mg PTX equiv./kg) via tail vein. The
samples were continuously irradiated with a 1,064 nm laser
(1W/cm?) for 5min. The temperature elevation and
photothermal images of mice were recorded by using a
thermal imaging camera (FLIR C3, Fluke, United States).
The treatment was repeated every 3 days for 5 times. The
tumor volume was calculated according to the formula V =
05 x L x W x H, where L, W, and H are the tumor
dimensions at the length, width and height, respectively.
At the end of the treatment, the tumor, liver, heart and
kidney tissues were removed from mice. The tissues were
fixed with 4% paraformaldehyde for 24 h and dehydrated
with 30% sucrose solution for 48 h. The tissues were frozen
at —80°C and sectioned with 8 um thickness. The sliced organ
tissues were stained by hematoxylin and eosin (H&E) and
observed.

Statistical analysis
All data are presented as the mean + standard deviation

(SD). One-way analysis of variance (ANOVA) of Origin
8.0 was used to determine significance among groups.
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When p value was less than 0.5, the difference was
significant. *p < 0.05, **p < 0.01, ***p < 0.001.

Results and discussion

Synthesis and characterization of
nanoparticles

The synthetic procedure of PCH nanoparticles consisted
of three steps. The first step was to prepare PPy-COOH
nanoparticles by a one-step aqueous dispersion
polymerization of Py and Py-COOH. The second step was
the grafting of Cys onto PPy-COOH nanoparticles. The third
step was to prepare HA derived PPy nanoparticles. As shown
in Figure 1A, PCH nanoparticles were in a spherical shape
with a nearly uniform size of 75.86 + 16.14 nm. This is
consistent with previously reported (Guo et al., 2019).

To verify that whether HA molecules were successfully
modified onto the surface of PPy nanoparticles, PCH, PPy-
COOH and Cys were characterized by FTIR (Figure 1B).
PPy-COOH exhibit a peak at 1,690 cm™', attributing to
-C=0. Weak peaks at 1,595cm™' and 1,030-1,230 cm™’
are caused by the bending vibration of -NH and the
tensile vibration of the Cys C-N bond. In addition,
because of the low detection sensitivity limit for the S-S
bond strength, no stretching vibration of the disulfide bond
(S-S) appears in the FTIR spectra (Rao et al., 2018). For HA,
the peaks at about 3,300 cm™ and 2,900 cm™ are owing to
the stretching vibrations of O-H/N-H bond and C-H bonds,
respectively. The FTIR spectra show peaks at about
1,610 cm™" and 1,405cm™"' and could be ascribed to the
stretching vibrations of the C=0 and C-O bonds of the
-COO- group, while the characteristic peak of C-O-C
showed asymmetrical and symmetrical stretching
frequencies at 1,145 and 1,040 cm™" (Das et al., 2018). The

1

peaks at 1,560 cm™' are owing to the -NH stretching

frequencies in HA. A new absorption peak at 1707 cm™'
amide (C=O stretching) appears in the FTIR spectra of
the PCH, indicating that the modification caused the
formation of amide bonds. All in all, these clearly
suggested that HA has been successfully grafted to the
surface of PPy nanoparticles.

Previous study has demonstrated that PPy based
nanoparticles can absorb the spectrum in the NIR-II range
very well (Xu et al.,, 2022). As shown in Figure 1C, when the
solution was irradiated with a NIR-II laser at 1,064 nm, its
temperature increased, and the temperature was positively
correlated with the PCH concentration. For 1 mg/ml case,
the temperature of the solution can reach up to 62.3°C within
5 min of irradiation, confirming the excellent photothermal
conversion ability of PPy. Based on Korgel’s method (Xie
etal., 2022; Zhang et al., 2022), the photothermal conversion
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efficiency of the PCH nanoparticle was determined to be
33.48% (Supplementary Figures S1A,B). In the three lasers’
on-off cycles, the maximum temperature of the PCH
nanoparticles could remain stable; therefore, the PCH
has stability
(Supplementary Figure S1C).

The release of PTX from PTX/PCH nanoparticles was measured
at 37°C or 50°C for 96 h (Figure 1D). 20 mM DTT were used to
simulate the high reducing tumor microenvironment. It was found
that the cumulative release amount of PTX from PTX/PCH
nanoparticles within 96 h was 23.3%, 47.7%, and 95.1% at T =
37°C, T = 37°C/20 mM, T = 50°C/20 mM DTT, respectively. This
suggested that the PTX release increased with the temperature rising
and in the presence of 20 mM DTT. The increased PTX release rate
might be attributed to DTT triggered disulfide bond cleavage and
inverse cross-linking of the PCH. Therefore, drug release can be
accelerated in an intracellular reducing environment (Zhu et al., 2016),

nanoparticle acceptable photothermal

and this controlled drug release is beneficial to the improvement of
tumor treatment.

In-vitro cell assay

The in vitro combined cancer therapy of PTX/PCH nanoparticles
was also investigated. As shown in Figure 2A, cells treated with saline
remained healthy, while the viability of cells treated with pure PTX
and PTX/PCH was significantly reduced (PTX: 76.85%, p < 0.05,
versus saline; PTX/PCH: 79.25%, p < 0.05, versus saline) due to the cell
killing effect of PTX. Besides, the proliferation of PCH-treated cells
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was significantly inhibited after NIR irradiation (57.03%, p < 0.001,
compared to saline), suggesting the excellent in vitro photothermal
therapeutic efficiency. In addition, due to the NIR triggered
photothermal ablation and PTX induced chromosomal instability
(Scribano et al., 2021), cancer cells treated with PTX/PCH NIR were
mostly killed with a viability of 37.86% (p < 0.001, versus saline),
which was significantly lower than that treated with PTX/PCH (p <
0.01), pure PTX (p < 0.001) and PCH + NIR (p < 0.01). Moreover,
CCK-8 and dead/live staining results further demonstrated the
synergistic chemotherapy and photothermal efficiency of PTX/
PCH nanoparticles (Figure 2B).

In Annexin V and Dead Cell analysis, the four regions represent
dead cells, late apoptosis, early apoptosis, and live cells, respectively,
and late + early apoptosis represents total apoptosis. As presented in
Figures 3A,B, the total apoptosis rate of cells treated with pure PTX
and PTX/PCH was significantly increased (PTX: 36.5%, p < 0.001,
versus control; PTX/PCH: 31.95%, p < 0.001, versus control)
suggesting that chemotherapy caused the total apoptosis. PCH +
NIR and PTX/PCH was 4325 + 147% and 47.53 + 4.80%,
respectively, with significant difference from no NIR groups (p <
0.001), indicating that NIR led to more apoptosis of cells and the
combined treatment group had the best therapeutic effect.

Reactive oxygen species (ROS) sensitive probe DCFH-DA was
applied to investigate the production of -OH in cells. The fluorescence
intensity increased from PCH + NIR and PTX/PCH + NIR to the
control group. The strongest fluorescence was observed in PTX/PCH
+ NIR group, indicating its strong ability to produce -OH and cause
cell necrosis (Figure 4A). As shown in Figure 4B, the expression of
heat shock protein 70 (HSP70) was inhibited both in the PCH + NIR
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and PTX/PCH + NIR groups. It was reported that the suppression of
HSPs functions can disrupt the cell homeostasis and interfere with the
integrity of protein interaction, thereby reducing the cell
thermotolerance and improving the efficacy of photothermal
therapy (Wang et al, 2016). STAT3 is an oncogene, and the
activation and overexpression of STAT3 are relevant with the
malignant transformation of cells (Qiao et al, 2016). The
expression of STAT3 was suppressed in the PTX/PCH + NIR
groups, which will reduce the resistance of tumor cells and
promote the therapeutic effect.

Transcriptomic sequencing generated a volcanic map
showing 2,780 downregulated and 2,409 upregulated
differentially expressed genes in the PTX/PCH + NIR
group (Figure 5A). A total of 56 upregulated and
downregulated differentially expressed apoptosis related
genes identified. Using the FPKM values of
differentially expressed genes under different experimental

were

conditions as expression levels, hierarchical clustering
analysis was performed to create a heat map (Figure 5B).
Specially, Hsps genes (Hsp40/70 family, Hsp90 family and
Hsp100), JAKs genes, Stat3 genes and Bcl-2 genes were
downregulated. Bcl-2 is an anti-apoptotic protein and a
downstream target gene of START3 (Edmonds et al,
2012). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) diagram showed that six pathways were enriched
in the PTX/PCH + NIR group, and the higher expression
level of the JAK-STAT signaling pathway was also clearly
observed (Figure 5C). The gene ontology (GO) analysis
showed that enriched GO biological process terms of the
PTX/PCH + NIR group were related to associated with
apoptotic processes, cell adhesion, and innate immune
responses, respectively (Figure 5D).

Through western blot analysis and transcriptome
sequencing, the possible mechanism by which the PTX/
PCH + NIRs induced apoptosis of MDA-MB-231 cells is
summarized in Figure 6. PTX/PCH + NIRs induced Hsps
impaired, heat shock causes the down expression of JAKs,
Stat3 and Bcl-2, and the conformational changes of outer
membrane of the mitochondria that allows the release of
cytochrome ¢ (Cyto C) and apoptosis inducing factor (AIF)
(Choi et al., 2011). In turn, apoptotic bodies are formed and
apoptosis downstream is carried out by activated Caspase 3.
The released AIF enters into the nucleus and causes cell
death (Fu et al.,, 1987).

In-vivo tumor therapy

Figure 7A are thermal images of the tumor in vivo 2 days
after the first administration of NPs and irradiation with NIR
for 5 min. Temperatures of the tumors were around 52°C
(PTX/PCH + NIRs), and 32°C (NIR plus saline), indicating
that a large number of NIR-responsive PTX/PCH NPs may
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accumulate at the tumor sites after administration. The
group that received saline + NIR showed a negligible
antitumor efficacy. The group that received PTX/PCH +
NIR showed the high antitumor efficacy (Figure 7B) (Feng
et al., 2018). Figure 7C shows the histological results. It can
be found that the developed PCH administered through local
intratumoral delivery into tumor are beneficial because they
avoid toxicity to various treatments of surrounding healthy
organs (heart, liver, kidney, and lung), they maximize
the
Histological results also revealed that a large number of

preservation of functional tissue near tumor.
tumorous cells were mixed with small connective tissue
stroma (Figure 7C). Nevertheless, tumor eradication with
a luminal structure was observed in the PTX/PCH + NIR
treated group, indicating that the PTX/PCH provided a
synergistic effect significantly enhanced breast cancer cell

death (Figure 7C) (Gao et al., 2014).

Conclusion

Overall, we reported the synthesis of redox PCH nanoparticles for
structural and physicochemical property control for efficient PTT and
chemotherapy in breast cancer. The physicochemical and
photothermal properties, drug release characteristic, and in-vitro
and in-vivo antitumor therapy efficiency of the devised PCH
nanoparticles were studied, and it was found that PTX/PCH
nanoparticles induced apoptosis of breast cancer cells through
JAK-STAT signaling pathway. The results of this study may
provide a new pathway for designing conjugated polymer
nanoparticles for breast cancer treatment and other clinical
applications.
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In the past decades, diseases such as wound infection, cancer, bone defect and
osteoarthritis have constantly threatened the public health. However, the
traditional treatment has many insufficiencies, such as high cost, easy
recurrence and high biological toxicity. Hydrogel is a material with three-
dimensional network structure, which has a series of advantages, such as
injectability, self-heal ability, easy loading and controllability of drug release,
and excellent biocompatibility. Therefore, it is extensively used in drug delivery,
antibacterial, anti-cancer and other fields. However, the traditional hydrogels
have the single performance, and therapeutic efficacy is often rely on the drugs
loaded on them to cure diseases, which cannot achieve sustainable therapeutic
effect. In order to solve this problem, photothermal nano hydrogel with
photothermal agent (PTA) has become an ideal material due to its excellent
physical and chemical properties. Photothermal nano hydrogels used in
photothermal therapy (PTT) can exploit the photothermal effect of
photothermal agent to increase local temperature and control the sol-gel
phase transition behavior of hydrogels, so they are widely used in drug
release, photothermal sterilization, photothermal inhibition of cancer cells
and enhancement of bone repair. To sum up, this paper introduces the
preparation of hydrogels with photothermal nanomaterials, and discusses
their applications in the fields of drug release, photothermal sterilization,
photothermal cancer cell inhibition and enhanced bone repair.

KEYWORDS

biomedical hydrogel, photothermal therapy, photothermal antibacterial,
photothermal cancer suppressor, photo-controlled drug release

Introduction

Hydrogel is a kind of soft material with a three-dimensional network structure, which
is made up of networks with hydrophilic polymers, and is crosslinked by physical or
chemical bonds between strong water absorption. By simulating the composition, physical
and chemical properties of the natural extracellular matrix (ECM), the hydrogel performs
good biodegradability and biocompatibility. (Cao et al., 2021; Pei et al., 2021). And the
hydrogels exhibit stimulus response and self-healing properties under the stimulation of
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external environment can meet the needs of hydrogels in medical
materials, which has attracted extensive attention of researchers
(Ou & Tian, 2021; Xie et al,, 2021; Zhang & Lucia, 2021). In
recent years, hydrogels have been widely used in biomedical
fields, such as drug delivery, antibacterial therapy, biosensors and
cancer cell inhibition (Xu et al., 2022a; Xu et al., 2022b; Zhang
et al, 2022).

Photothermal nano hydrogel is a kind of hydrogel with
photothermal nano materials added during the preparation of
Photothermal (PTT)
photothermal nano hydrogel is a typical photon triggered

hydrogel. therapy generated by
therapy method. It can use the photothermal effect of
photothermal agent (PTA) to extract energy from visible
light/near-infrared light, convert it into heat, increase the
temperature of the surrounding environment, and achieve the
effect of ablating of tumor cells and killing bacteria. (Chen et al,,
2021; Guedes et al,, 2021). It is highly necessary to choose the
appropriate photothermal agent. The ideal photothermal agents
with appropriate NIR band gap and high response to near-
infrared light irradiation can effectively convert light energy
into heat energy under near-infrared light irradiation, and
the (Lu Y. et 2021).
Photothermal treatment has many advantages. It can reduce

improve therapeutic  effect al,,
the pain of patients during treatment. Secondly, it has short

processing time and obvious therapeutic effect. More
importantly, the materials used for photothermal treatment
are of low toxicity or even non-toxic, causing less harm to the
human body. So far, many forms of photothermal therapy have
been studied and applied to the field of anti-cancer and
antibacterial (Yu et al., 2019; Zhao et al., 2022).

Photothermal agent (PTA) is of

photothermal therapy and the selection of appropriate

an crucial factor
photothermal agent is very important to the success of
photothermal therapy (Guedes et al, 2021; Zhang et al,
2021). PTA should have high photothermal conversion
efficiency, easy to prepare and good biocompatibility.
However, many photothermal agents with high thermal
efficiency have certain toxicity, which is not suitable for
medical application. Hydrogels made by combining materials
with photothermal agents with high biocompatibility can not
only retain the high photothermal conversion effect, but also
reduce biological toxicity and make them more biocompatible. In
this paper, several typical photothermal nanohydrogels are
reviewed and their applications in biomedical fields are also
discussed.

Photothermal nanomaterials for
hydrogel fabrication

The preparation of photothermal nanohydrogels mainly

relies on the photothermal nanomaterials. The most widely
used ones mainly include Metal nanomaterials, Carbon based
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Metal sulfide/oxide Black
phosphorus nanomaterials, MXenes nanomaterials, Polymer
In the
photothermal

nanomaterials, nanomaterials,

nanomaterials, dye nanomaterials, etc.
the of different

materials for the preparation of photothermal nanohydrogels

Organic
following, development

will be discussed in detail.

Metal nanomaterials

The properties of metal nanomaterials are very excellent. It
has a strong surface plasmon resonance (LSPR) effect. When the
incident photon frequency matches the overall vibration
frequency of the metal nano material, the nano material will
have a strong absorption effect on the photon energy, and a
strong resonance absorption peak will appear in the spectrum.
(Ai et al., 2021). Moreover, metal nanomaterials have excellent
thermal properties, high absorption cross section and high field
conversion efficiency in the near infrared region. Metal
with
biocompatible polymers, chemical drugs and immune factors,

nanomaterials combine peptides, antibodies,
and have great potential in the field of biomedicine (Park et al.,
2018). The metal nanomaterials most explored and studied in
PTT are gold nanomaterials, silver nanomaterials and copper
nanomaterials, All of them have the advantages of strong
absorption, excellent adjustable physical properties, optical
properties and biocompatibility (Xu H. et al, 2020; Lu X.
et al.,, 2021).

At present, various configurations of nanostructures based on
gold have been developed. Among them, gold nanorods (GNR)
have attracted much attention because of their simple biological
coupling, strong and adjustable plasma absorption. In particular,
there are two plasmon resonance surfaces on the surface of GNR,
the transverse band represented in the visible
(650 nm-950 nm) and the longitudinal band represented in the
near infrared region (1000 nm-1350 nm), so the radiation can

region

penetrate tissues to the maximum extent, making it an ideal
material for biomedical applications (Zhang Y. et al, 2020;
Gupta & Malviya, 2021). GNR have biofilm activity and are an
attractive therapeutic method for photothermal therapy. The
hydrogel added with gold nanoparticles (GNP) shows certain
advantages in biomedical applications. On the one hand, the
hydrogel has good biocompatibility and degradability. On the
other hand, the GNP are used as light absorbers, making the
hydrogel well used in photothermal therapy. Bermudez-Jimenez
et al. prepared gold nanorod hydrogels by embedding GNR into a
non-toxic, biocompatible and biodegradable chitosan hydrogel
2020). Combined with PTT
treatment, it can effectively control the pathogenic bacteria in

(Bermudez-Jimenez et al.,
the mouth. In another study, Liu et al. modified gold nanorods by a
two-block copolymer, an injectable nanocomposite hydrogel was
prepared by the interaction of a-cyclodextrin (Figure 1A)(Liu M.
et al, 2019). The hydrogel can not only improve the
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FIGURE 1
(A) Preparation of gold nano hydrogel and its application in chemotherapy-assisted photothermal therapy. Reproduced from ref.49 with
permission from 2019 Royal Society of Chemistry. (B) Synthesis and characterization of injectable and self-healing collagen hydrogels containing
gold nanoparticles. Reproduced from ref. 87 with permission from 2016 WILEY-VCH. (C) Preparation of copper nano hydrogel and schematic
diagram of antibacterial principle of photothermal therapy. Reproduced from ref. 75 with permission from 2019 Royal Society of Chemistry.

biocompatibility of AuNR, but also realize local photothermal agents for mechanical properties, to prepare hydrogels with
treatment. Moorcroft et al. co loaded IRIKIRIKCONH, (IK8) and advantages of in vivo injection. When the stress relaxation of
GNR into polyethylene glycol (PEG) hydrogels, and achieved the the hydrogel is caused by the non-covalent interaction between

bactericidal effect on Staphylococcus aureus by photothermal GNP and collagen chains, the hydrogel can recover rapidly under
triggering the release of IK8 (Moorcroft et al, 2020). At the the condition of applied stress. This study expands the application
same time, relevant experiments further confirmed that the of GNP hydrogel.

hydrogels loaded with GNR had certain photothermal damage Silver nanoparticles (Ag NP;) have similar photothermal
to the biofilms. At present, photothermal ablation (PTA) based on properties to GNP. Because of their photothermal -effects,
nanotechnology, as a highly effective treatment method for solid toxicity of silver, and wide applicability in the pharmaceutical
tumors, has been widely explored. Gold nanoparticles, as strong field, they have always attracted the attention of researchers.
light absorbers, can absorb NIR and achieve local fever through (Awasthi et al., 2020; Ren et al., 2021). Silver nanoparticles have
photothermal conversion effect, which can reduce the damage to become a good photothermal agent because of their high photo
tissues around the wound to the maximum extent while treating thermal conversion efficiency, easy synthesis and multifunctional
the wound (Zhang R. et al., 2020). Xing et al. proposed a method adjustability of their surface properties (de Oliveira Lima et al.,
based on biomineralization trigger for the first time to prepare 2022). Recently, Amatya et al. prepared hydrogel films with good
collagen hydrogels with adjustable mechanical properties photothermal activity through bovine serum protein (BSA) and
(Figure 1B) (Xing et al, 2016). Through electrostatic bonding Ag NPs and applied them in vivo (Amatya et al., 2021). Under
between collagen chains (positively charged) and inorganic anion 0.6 W low laser power, the temperature can be reached 45 °C
clusters, GNP were formed, which were controlled as cross-linking which is ample for tumor ablation.
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Due

nanoparticles show strong light absorption in visible and near

to local surface plasmon resonance, copper
infrared, similar to that of silver and gold nanoparticles. Nano
copper has been widely used in wound healing due to its high
redox potential, low production cost and broad-spectrum
antibacterial activity. Chen et al. successfully embedded
nanoparticles into guar gum hydrogel to form copper
nanoparticle hydrogel (Chen et al, 2017). The copper
nanoparticles embedded in the hydrogel have a good photo
thermal conversion rate. After 10 min of laser irradiation, the
temperature of the hydrogel can rise to 67°C. This rapidly rise in
temperature contributes to the high antibacterial performance of
copper on irradiated nanoparticle hydrogels. Tao et al. reported a
MA modified copper nanoparticle hydrogel (Figure 1C) (Tao
et al.,, 2019). In combination with 808 nm NIR radiation, copper
NPs embedded in the hydrogel can produce reactive oxygen
species (ROS), and effectively convert NIR laser energy into local
heat. It can eradicate Escherichia coli and Staphylococcus aureus
bacteria in vitro antibacterial experiments. Most importantly, the
hydrogel can also promote wound healing and realize multi-

functional application of hydrogel.

Carbon-based nanomaterials

Graphene is a new material with a single-layer two-
dimensional honeycomb lattice structure, which is closely

Frontiers in Bioengineering and Biotechnology

packed with sp®> hybrid connected carbon atoms (Deng X.
et al., 2020). The sp® hybrid carbon atoms of Graphene oxide
in the hexagonal lattice structure allows to absorb light of
different wavelengths, and its photothermal capacity can be
enhanced with the increase of photoabsorption, which make it
a good photothermal heating material (Falke et al., 2020; Huang,
2022). Lee et al. used graphene oxide and modified it with
polyethylene glycol to develop a wavelength independent
hydrogel system, to improve the dispersion of graphene oxide
in aqueous solution (Lee et al., 2020). Under the irradiation of
532 nm, 785 nm and 980 nm lasers, the temperature of graphene
oxide polyethylene glycol solution can reach 43°C, and free
radical polymerization can be triggered at this temperature.
Yuan et al. prepared a magnet and light double response
hydrogel by introduced Fe;O0,-GO nanocomposite as a
magneto photothermal agent. Fe;04-GO nanocomposite can
convert the external magnetic field and near-infrared (NIR)
light into heat, which can effectively improve the local
temperature in the hydrogel (Figure 2A) (Yuan et al, 2020).
Li et al. modified graphene oxide with polyethyleneimine, an
amine terminal polymer branch, and prepared a hydrogel (Li
et al., 2019). The hydrogel is not only structurally stable, but also
can provide continuous drug delivery and near-infrared
photothermal effect. Also many researchers studied the
reduction of graphene oxide to improve the photothermal
properties of graphene oxide. Liang and his colleagues
prepared a series of hyaluronic acid grafted dopamine and
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reduced graphene oxide (rGO) hydrogels using the H,O,/HPR
(horseradish peroxidase) system (Figure 2B) (Liang et al., 2019).
The hydrogels have good self-healing properties, antioxidant
activity and tissue adhesion. And most importantly, the
enhanced antibacterial properties of the hydrogels through
near-infrared (NIR) radiation, make them a good wound
dressing. Liu and his colleagues prepared the hydrogel by
with
pH responsive carboxymethyl chitosan (Liu W. et al., 2019).

functionalizing and reducing graphene oxide
The hydrogel not only has excellent degradability and
biocompatibility, but also has better photothermal conversion

efficiency than many other photosensitizers, reaching 86.7%.

Metal sulfide/oxide nanomaterials

Metal sulfides/oxides which cost less than precious metals are
also use in PTT. Copper sulfide nanostructures have excellent
photothermal properties. Unlike the infrared absorption of gold
nanostructures, the infrared absorption of copper sulfide
nanoparticles comes from the energy band transition (Sun et al,
2019; Xie et al., 2022). Fu and his colleagues reported an injectable
and thermosensitive hydrogel encapsulating copper sulfide
nanoparticles (Fu et al, 2018). Nanodots are uniformly
distributed in the hydrogel matrix, and their particle size remains
unchanged. The hydrogel not only shows the ability of forming in-
situ gel with thermal response, and the chemical toxicity of copper
sulfide was reduced by “composing” nano dots in the matrix. In
another study, Lin et al. incorporated copper sulfide nanoparticles
(CuS NPs) into hyaluronic acid (HA) to construct hydrogels (Lin
et al,, 2021). By combining the photothermal characteristics of CuS
NPs, the sterilization of low temperature photothermal therapy is
realized, also the improvement of the antibacterial efficiency and
minimization of the damage to normal tissues. The team combined
the photothermal effect and antibacterial effect provides a new idea
for the new type of wound bandage.

Silver sulfide quantum dots are semiconductor materials with
strong light stability and high biocompatibility. Because of their
unique properties such as broadband absorption, convenient
preparation, good chemical stability and low toxicity, they have
attracted extensive attention. Recently, Hou et al. encapsulated the
near-infrared silver sulfide quantum dots as photosensitizers in the
hydrophobic cavity by self-assembly of polypeptide hydrogels, and
then integrated the drugs DOX and Bestin into the hydrogels, thus
prepared a multifunctional gene engineering polypeptide hydrogel
encapsulating silver sulfide quantum dots (Hou et al., 2020). Due to
the photothermal properties of silver sulfide quantum dots, the
release of DOX from hydrogels is promoted, thus the overall
therapeutic effect is improved.

Bismuth sulfide (Bi,S;) is a promising PTT agent with a
narrow direct band gap (E = 1.3 eV). Bi,S; nanostructures have
been used as CT contrast agents, its cost is much lower than other
metal elements (such as gold, platinum and tantalum). Bi,S;
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nanoparticles also have biocompatibility and metabolism, and
have low toxicity. Different types of Bi,S; nanoparticles, such as
Bi,S; nanorods, nano porous bladder and nanodots are more
commonly used. Smaller Bi,S; nanoparticles are thought to have
better light absorption and can be excreted from the bladder. Wu
et al. embedded the ultra-small (less than 3 nm) Bi,S; nano point
into the hydrogel to improve the stability of the Bi,S; nano point
and endow the injectability of hydrogel (Figure 3A) (Wu et al,
2021). The hydrogel can maintain the same photothermal
performance after being stored for 3 months. In another
study, Wu et al. designed and synthesized MoS,/Bi,S;-PEG
(MBP) nano sheets (Figure 3B). And they dispersed them
together with DOX into agar solution to build a hydrogel
system with photothermal conversion performance, and
achieve tumor PTT and chemotherapy under the guidance of
computer tomography (CT)/photoacoustic (PA) dual model
imaging (Wu et al,, 2018).

MoS, is another representative sulfide. Jin et al. designed to
load positively charged DOX and negatively charged PC10A
onto the surface of molybdenum disulfide nano sheets to
mixed PCI10A/DOX/MoS,
dispersed them in hydrogels (Jin et al,, 2020). Molybdenum

prepare nano particles and
disulfide nano sheets were used as both photothermic agent and
photodynamic agent in hydrogels. The production of hot
oxygen and reactive oxygen can cause immune response and
promote photothermal therapy on tumors. Zhou et al. reported
a simple method to prepare sodium alginate (ALG) -
Fe’*(MAF) hydrogel containing molybdenum disulfide and
glucose oxidase (GOx) (Zhou L. et al.,, 2020). The hydrogel
has high photothermal conversion capacity of molybdenum
disulfide, and an enzymatic reaction could occur in the
hydrogel, which provides an effective way for the use of
enzymes in cancer treatment.

Black phosphorus nanomaterials

Black phosphorus nanomaterials (BP) nano sheet is a kind of
two-dimensional nano material with unique properties such as
adjustable band gap, high NIR absorption and high photo
thermal conversion efficiency (Eswaraiah et al, 2016; Ren
et al,, 2017). BP nano sheet has the characteristics of highly
efficient single oxygen generation, and has extensive NIR
absorption and photothermal conversion characteristic under
whole visible light region, and is extensively used in
photothermal therapy. As an inorganic nano agent, BP nano
tablets are attractive due to their biocompatibility. Because
phosphorus is an important element in human bones,
accounting for about 1% of human body weight. Qin et al.
used the biocompatible copolymer F127 as the matrix to
construct the thermosensitive hydrogel together with the
photothermal therapeutic agent BP nano sheet (Qin et al,
2019). The hydrogel has the characteristics of near infrared
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photothermal  conversion, photothermal  stability —and
biodegradability. Wu et al. prepared a pH sensitive DF-PEG-
PAHy/BPNSs hydrogel by adding black phosphorus
nanoparticles (BPNSs) into the hydrogel
diphenylaldehyde functionalized polymer and polyaspartic
hydrazine polymer (Figure 4A) (Wu et al, 2019). This study
that the hydrogel has
pH sensitivity and near-infrared response. Due to the

photothermal effect of BP NPs, NIR accelerates the release of

formed by

shows good gel characteristics,
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drugs in the hydrogel. In addition, BP nano tablets are naturally
degraded in the physiological environment, in the form of
harmless PO,* as the final degradation product. Shao and his
colleagues combined BP nano tablets with thermosensitive
hydrogels to prepare hydrogels for photothermal therapy after
cancer surgery (Figure 4B) (Shao et al., 2018). The research shows
that the hydrogel has excellent NIR PTT performance, good
biodegradability and biocompatibility. It can promote the rapid
transformation of sol gel under NIR irradiation safely. A gel film
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can quickly form by spraying the hydrogel under NIR irradiation
on the wound, which performed a high PTT effect and can
eliminate the residual tumor tissue.

MXenes nanomaterials

After the discovery of titanium carbide (Ti;C,Tyx) by
Naguib et al,, in 2011, transition metal carbides, nitrides,
and carbon nitrides (often referred to as MXene) have
attracted widely attention because of their unique planar
structures, excellent physicochemical properties, and
chemical diversity (Naguib et al., 2011). The general
formula for these materials is M,,;X,Tx (n = 1, 2, or 3),
where M is an early transition metal, X is carbon and/or
nitrogen, and T is the surface end inherited from the
synthesis process, like -OH, -O, and -F (Xu D. et al,
2020). As a photothermal agent, MXene nanosheets
exhibit strong light absorption in the near infrared range,
high specific surface area and negative charge, which make
abundant anchoring position of the therapeutic agent, so

MZXene nanosheets are widely used in photothermal therapy
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(Lin et al., 2017; Lin et al., 2018). He and his colleagues used
MXene as photothermal agent and doxorubicin as loading
chemotherapy agent, and combined it with DNA hydrogel to
establish a photothermal-chemical
system for highly effective local cancer treatment
(Figure 5A) (He et al., 2022). Under local near-infrared
light irradiation, the MXene nanosheet converts light

synergistic therapy

energy into heat energy and triggers the reversible
transformation of hydrogel from gel to solution, releasing
DOX therapeutic agent. The experimental results showed
that the hydrogel had excellent biocompatibility and showed
effective local cancer treatment. Dong and colleagues
prepared a drug-loaded MXene/ agarose hydrogel (Dong
et al., 2021). They first prepared a two-dimensional
MZXene nanosheet with high photothermal conversion
efficiency and photothermal stability, then introduced the
MZXene nanosheet into the low melting point agarose gel
skeleton. The temperature of the loaded hydrogel can rapidly
rise to 60°C under near-infrared light and hydrolyze to
release the encapsulated drug (Figure 5B). The kinetics of
drug release can be regulated by agarose concentration,
MZXene concentration, irradiation intensity and irradiation
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time. This research provides a new way to develop smart
hydrogel-based drug delivery systems for local cancer
treatment. Li et al. prepared an anisotropic MXene@PVA
hydrogel by directed cryoassisted salting-out. (Li Y. et al,,
2022). Because of the good photothermal properties of
MXene, the hydrogel can be used in local hyperthermia
treatment of the infected site under near-infrared laser
(808 nm) the
excellent mechanical properties, with stress up to 0.5 MPa

irradiation. In addition, hydrogel has
and strain up to 800%. Bacterial experiments showed that the
hydrogel had broad spectrum antibacterial activity against
both Gram-positive and Gram-negative bacteria. Li and
film with MZXene
nanosheets embedded with heat-responsive gelatin (Li Y.

et al., 2022). They used an epithelial cell adhesion molecule

colleagues designed a hydrogel

antibody to modify the hydrogel membrane so that it could
specifically recognize and isolate CTCS from whole blood.
The captured CTCS can be released without damage through

Frontiers in Bioengineering and Biotechnology

120 120 20
100 100 100
£ 80 & 80 £ 80
2 2 2
Hydrogel = 60 = 60 = 60
2 3 2
FOMNE 5 0 L )
- 4.amPEGSH & 3 S
Sl o O 5 © 2
0 o [
0 006 009 012 016 0 1 3 5 10 o e\
o a0
PDANP concentration (mg/mL) PEG concentration (mg/mL) C L)
T > - 0
——PBS PSS s ns M R r!\ 3
40 —e—Hydrogel W Hycrogel a8 t 1 N
1201 N5 NS a R |
- @© ]
S 30 8 [ {
£ S 3
EJ 4 s3d:33| = 80 1
g2 SIPIITLLL| 2
3 2 =
o
roarec | @ 10 3 40 ‘é
— hydrogel « S
— Diwater S
0 T
(]
T R e e e 20, (605004 .80) 1100, 1120 RBC Hb WBC LY# NE%
Time (s) Time (day)
2 C N X
ool
S e O
4 '3 (2 ° ke
P 1 v, s e PDA/Cu Complexing
PEG-PDA-Nanogel (PP-NG) > Z b ey
1 A" [
PDA/CU-CS Hydrogel 20 B
“HOt" i
=
3
E
3
2
“loNS" ~agem =
&

Angiogenesis

P cu>

=@D— Acylhydrazone Bond

24

Properties Enhancement

@) Endothelial Cell
t;" Blood Vessel

,,‘ Bacteria

2 Fibroblast

»si+

temperature responsive release and photothermal site
release.

Polymeric nanomaterials

Dopamine (DA) is a biocompatible neurotransmitter in
human body. It can synthesize polydopamine (PDA) by
oxidative self-polymerization, and has different photothermal
properties. Biologically inspired poly (dopamine) (PDA) based
hydrogels have attracted great attention because of their well-
known adhesion and biocompatibility (Han et al., 2017; Zhou D.
et al,, 2020). Wang et al. described a polydopamine nanoparticle
conjugated polyethylene glycol hydrogel that could be used for
on-demand drug delivery and combined chemotherapy-
photothermal  therapy under near-infrared irradiation
(Figure 6A) (Wang et al, 2017). Most importantly, the
hydrogel had good biocompatibility and would not cause

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1066617

Ding et al.

the
chemophotothermal therapy could effectively inhibit tumor

inflammation  in  vivo, and hydrogel-mediated
growth. Zheng et al. designed a new injectable thermosensitive
nano hydrogel by loading PDA NP and chemotherapy drugs
(Zheng et al., 2020). The hydrogel has anti protein adsorption
and photothermal effects, and the injectable amphoteric ion
thermosensitive hydrogel has the advantage of low pollution.
Ding et al. designed a nucleic acid nanogel coated with
polydopamine (PDA) (Figure 6B) (Ding et al., 2020). After
being coated with a layer of polydopamine, the nanogel not
only protects the nanogel from enzymatic degradation, but also
enables the nanogel to have good photothermal conversion
ability under near-infrared (NIR) light irradiation. The study
shows that the surface temperature of medical implants coated
with PDA can be increased under NIR irradiation, which can
effectively kill the adhering microorganisms on the implant
surface. In addition, Xu et al. synthesized multifunctional
composite hydrogels with PDA and Cu-doped calcium silicate
ceramics (Cu-CS) as the main components(Figure 6C) (Xu Q.
et al.,, 2020). Copper doped calcium silicate bioceramics have
unique biological activity. The composition of PDA and Cu-CS
enhanced the antibacterial performance through the “thermionic
effect” of copper ions and photothermal materials synergetic
antibacterial function.

Organic dye nanomaterials

Organic dye nanomaterials are also a common
photothermal nanomaterials. Indocyanine green (ICG) is a
with  NIR
absorption properties of 808 nm laser irradiation (Lee &
Chang, 2017; Ma et al., 2019). Because of its low toxicity, it

is widely used. In one study, Pan et al. prepared an ICG alginate

water-soluble anionic tricarbocyanine

dye

gel with good photothermal treatment and good
biocompatibility. Most importantly, hydrogels have a strong
ICG fixation ability, which facilitates the accumulation of
photothermal agents (Pan et al., 2019). This fixation can also
reduce the potential side effects of ICG spread to surrounding
tissues and improve biocompatibility.

Prussian blue (PB) is also a common organic dye
nanomaterial. It was called a pigment in history. PB can be
prepared in colloidal form by direct synthesis method. It has a
strong charge transfer centered at~700 nm and a large tail in the
near-infrared range. The radiation of this band will lead to
thermal relaxation, and local hyperthermia can be generated
by irradiating in the so-called bio transparent near-infrared
window. PB nanoparticles have complete biocompatibility (PB
has been approved by FDA) and biodegradability. Fu et al.
established an injectable hydrogel containing Prussian blue
nanospheres for cancer photothermal therapy (Fu J. et al,
2019). The hydrogel showed satisfactory serum stability and

photothermal conversion ability. In addition, the hydrogel
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the has better
photothermal conversion efficiency than the nanospheres.

containing photosensitizer nanospheres

Biliflavin is a dark green bile pigment that is a by-product of
the breakdown of hemoglobin. In recent years, the endogenous
metabolite biliverin has been shown to have high photothermal
conversion properties, as well as cell-protective effects with
antioxidant and anti-inflammatory properties. Yao et al.
designed a bioinspired green hydrogel (BVSF) (Yao et al,
2020). They incorporated biliverdin into a naturally derived
silk fibroin matrix and the resultant hydrogel could be used for
anti-glioma, photothermal therapy and wound healing. In the
presence of biligreen, the temperature of the hydrogels can
rapidly increase to higher than 45°C under NIR irradiation.
Meanwhile, BVSF hydrogels can stimulate cell proliferation,
migration and adhesion, and perform anti-inflammatory
properties, and significantly accelerate wound repair and
regeneration.

Composite nanomaterials

During the construction of hydrogel, in addition to the single
photosensitive material, two kinds of composite hybrid materials
may play a better effect. Liu et al. prepared a hybrid hydrogel by
electrostatic complexation of DNA with upconverted rare-earth
Au hybrid nanoparticles (Figure 7A) (Liu et al., 2020). The hybrid
hydrogel had a higher photothermal efficiency (42.7%) due to the
network formed between DNA and rare-earth Au hybrid
808 nm

irradiation can achieve tumor eradication without recurrence.

nanoparticles. Local administration under laser
Xu and his colleagues prepared AG-PC hybrid hydrogels without
antibiotics (Figure 7B) (Xu M.-L. et al,, 2019). The hydrogel
prepared by doping polyvinyl alcohol (PVA)/chitosan (CS) is
highly stable. Because AuNR@G has the photothermal
conversion characteristics. Therefore, the hybridized hydrogel
showed a highly effective inhibition against both gram-negative
Escherichia coli and gram-positive Staphylococcus aureus under
808 nm laser irradiation. Xing and his colleagues synthesized a
collagen hydrogel using self-assembly initiated by gold
biomineralization (Xing et al., 2016). Due to the reversible
between chains

weak interaction

nanoparticles, the hydrogel has shear thinning and self-healing

collagen and gold
functions. This hybrid hydrogel of gold nanoparticles and
collagen chains can be used in local drug delivery and
sustained release, and provides novel strategy for a wide range
of biomedical applications such as drug delivery and tissue
engineering. Wang and colleagues synthesized a carrageenan
based hybrid hydrogel functionalized with ZR-Fc MOF
nanosheets using COOH-PEG-COOH as a carrier (Figure 7C)
(Wang X. et al, 2021). The hybrid hydrogel can trap Gram-
negative and Gram-positive bacteria by destroying ROS. The
hybrid hydrogel can synergistically kill bacteria by decomposing
H,O0, into toxic hydroxyl radicals and photothermal effects.
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Other nanomaterials

In addition to the above eight photothermal nano-hydrogel
materials, there are some other photothermal nano-materials for
hydrogel preparation. Ma et al. synthesized a multifunctional Nd
Ca Si silicate glass and glass/alginate composite hydrogel (Ma
et al, 2020). The hydrogel has fluorescence temperature
monitoring performance. Most importantly, due to the
addition of bioactive silicate components, the hydrogel has the
ability to repair the thermal damage caused by PTT. Therefore,
the hydrogel can not only obtain the appropriate PTT
temperature for effective treatment of tumors, but also
minimize the damage to normal tissues. Han and his
colleagues synthesized a new type of photosensitive
antibacterial hydrogel (Figure 8A) (Han et al, 2020). The
hydrogel can capture bacteria by electrostatic adsorption, and
then kill a large number of adsorbed bacteria by high temperature
generated by Russel blue MOF particles under near-infrared
light. The inhibition rate of Staphylococcus aureus and
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Escherichia coli could reach 99.97% and 99.93%, respectively.
Sheng and his colleagues synthesized a novel bioactive
photothermal nanohybrid hydrogel using Fe-bauxite (Fe,SiO,)
bioceramics and N, O-carboxymethyl chitosan as matrix
8B) (Sheng et 2021). The
nanohybrid hydrogel has good Fe*/SiO,* release and

(Figure al,, photothermal
photothermal properties, which can simulate the therapeutic
effect of hot spring. Animal Experiments have proved that
hydrogels can promote and have

angiogenesis great

application potential in the field of wound repair materials.

Biomedical applications of
photothermal nanocomposite
hydrogels

The application of photothermal nanocomposite hydrogel in

biology mainly depends on the photothermal effect of hydrogel
itself and the special role of drug loading. Photothermal
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nanocomposite hydrogels can kill bacteria, inhibit tumor and
control drug release through photothermal effect. Drugs released
through the photothermal effect can further enhance the killing
effect on bacteria and tumors. In addition, the photothermal
nanocomposite hydrogel can also enhance the repair of bone
tissue. These are described in detail below.

Photothermal-controlled drug delivery

One of the main applications of photothermal nanohydrogels is
to control the release of drugs by their photothermal properties (Liu
C. etal, 2019; Dong et al., 2021). The synergistic treatment of light
and heat promotes drugs has better therapeutic effect on diseases.
Sun and colleagues combined 5'-guanosine monophosphoric acid,
indocyanine green, hemin, and metformin to construct a hydrogel
HMI@GEL for breast cancer treatment (Figure 9A) (Sun et al,
2022). Due to the photothermal effect of ICG, the hydrogel has
good NIR photo-triggering and continuous drug delivery
characteristics. Most importantly, the loading concentration of
metformin on the hydrogel was as high as 300 mg ml™. This is
the highest reported in the literature. The combination of
metformin and catalase mimic Hemin@mil88 can not only
significantly inhibit mitochondrial respiration in tumors, but
also achieve high oxygen production in situ. The hydrogel
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successfully achieves the synchronization of drug synergistic
therapy and photo-controlled release under 808 nm laser
irradiation, which provides a more reliable direction for the
treatment of breast cancer. Zheng and his colleagues prepared a
hydrogel  of  poly
(N-isopropylacrylamide-co-sulfonamide methacrylate) (PNS) in

temperature  sensitive  injectable
the zwitterionic structure (Zheng et al, 2020). The aqueous
dispersion of the nano gel is colloidal at room temperature, and
the hydrogel is formed due to thermal sensitivity at 36°C. After the
chemotherapeutic drug DOX and photothermal agent PDA
nanoparticles are loaded on the hydrogel, DOX can be
continuously released from the hydrogel, and the drug release
can be accelerated by near-infrared laser irradiation. The
synergistic  effect local
chemotherapy shows a better anti-cancer effect. Geng and his

of photothermal therapy and
colleagues prepared polyacrylic acid-B-N-isopropylamid-B-acrylic
acid/polypyrrole the temperature sensitive composite polymer
nanogel through redox polymerization in PNA micelles
dissolved in pyrrole (PPy@PNA) (Figure 9B) (Geng et al., 2020).
The hydrogel has sensitive sol-gel phase transition behavior, shear
dilution characteristics and excellent photothermal properties. It
can induce drug release through NIR, and promote drug
penetration in tumors. Hou et al. synthesized a powerful
injectable agarose hydrogel containing sodium humate and
doxorubicin (Figure 9C) (Hou et al.,, 2018). Under near-infrared
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light irradiation, SH can effectively convert light energy into heat
energy, thereby inducing local high temperature, and continuously
release drugs through typical gel sol transition. The drug release rate
can be controlled by changing the concentration of agarose, SH and
DOX, or the laser power density and irradiation time. Animal
experiments show that this light triggered drug release and local
hyperthermia combined with chemotherapy photothermal therapy
have excellent tumor inhibition.

Photothermal bacterial killing and wound
repair

The harm caused by bacterial infection has been puzzling
people. Antibiotics can be used for wound healing to avoid
bacterial infection. Long term use of antibiotics may lead to
drug resistance. The commonly used gold ion antibacterial is
reduced because of its toxicity. Therefore, photothermal therapy
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has been introduced into the field of antibacterial, it provides an
effective treatment strategy for wound infection (Xu J.-W. et al,,
2019; Chen et al., 2020).

Wang et al. combined pH sensitive bromothymol blue and
near-infrared absorption conjugated polymer into heat sensitive
chitosan hydrogel (Figure 10A) (Wang et al., 2020b). Diagnose of
the biofilm of Staphylococcus aureus (Staphylococcus aureus) and
the acidic microenvironment of infected wounds were carried
out by visible color changes in hydrogels. After rapid diagnosis,
hydrogels can be used to treat infect sites, even stubborn biofilms
that are difficult to eradicate, by hyperthermia under the
irradiation of NIR laser (808 nm). Through thermotherapy, it
has broad-spectrum antibacterial activity against gram positive,
gram negative and drug-resistant bacteria. Han and his
GelDA/PGO  hydrogel
dopamine grafted gelatin (GelDA) and polydopamine coated
graphene oxide (PGO). The introduction of graphene oxide

colleagues prepared a through

makes hydrogels have excellent photothermal antibacterial
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properties and is beneficial to enhance wound healing in vivo
(Han etal., 2022). Deng et al. put single fatty acid Fe (III) (TA Fe)
nanoparticles in agarose (AG) hydrogel (Deng H. et al., 2020).
When the NIR was irradiated for 10 min, the temperature
sharply increased to 58°C, indicating that the nanocomposite
hydrogel produced had significant photothermal -effects.
Through in vitro antibacterial test, the hydrogel can effectively
kill nearly 99% of bacteria under 10min NIR irradiation. Li and
his colleagues prepared a hydrogel with photothermal properties
by in-situ culturing Cu NPs on the surface of polydopamine and
introducing an electrolyte hydrogel precursor (Figure 10B) (Li Z.
et al., 2022). Its photothermal properties are better than those of
pure polydopamine nanoparticles, and it also can capture and
kill bacteria through electrostatic adsorption, which helps to
improve the antibacterial performance. In addition, You and
others also put forward their own views. They prepared a
multifunctional hydrogel wound dressing using copper/tannic
acid nanosheets (You et al., 2022). In addition to absorption
exudate, the dressing has adjustable photothermal antibacterial
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These
properties can not only play the role of hemostasis,

and reactive oxygen species scavenging properties.

antibacterial and anti-inflammatory, but also achieve wound
repair and restore skin physiological function by reducing
inflammation. Hong et al. selected the bacterial cellulose
scaffold the
deposition, controlled the growth of mixed polydopamine and

as template platform for polydopamine
gold nanoparticles through in situ deposition and reduction
technology, and controlled the template platform within
100 nm (Figure 10C) 2022). Under the

irradiation of NIR, the template showed good photothermal

(Hong et al,

performance, and the photothermal temperature could rise
from 45°C to 55°C, with good antibacterial effect. Yin et al.

used the photothermal properties of copper disulfide
nanoparticles to  prepare  hydrogels through metal
coordination (Yin et al, 2022). The photothermal

antibacterial efficiency of hydrogels against Staphylococcus
aureus and Escherichia coli can reach 99%. At the same time,
it can reduce inflammation and promote skin tissue.
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Photothermal cancer cell inhibition

In today’s society, tumors threaten people’s life and health,
but the effect of traditional surgical resection and chemotherapy
is not very ideal. People began to care about other effective
treatments to treat tumors. The application of photothermal
nanomaterials in disease therapy has attracted great attention
(Ruhi et al., 2018; Yan et al,, 2022). Yang and his colleagues
developed a methylcellulose hydrogel platform with
photothermal properties and injectable properties (Yang
et al., 2021). The hydrogel can be rapidly heated to more
than 50.0°C under near-infrared irradiation to achieve the
goal of killing tumor cells and preventing tumor recurrence
after surgery in vivo. The addition of MP in hydrogels can not
only improve the strength of hydrogels, but also facilitate the
attachment of normal breast cells and adipocytes to promote
breast reconstruction. Liu et al. developed a bio-inorganic
hybrid hydrogel with near-infrared light response (Liu et al.,
2020). The addition of DNA in the NIR response system makes
the hydrogel a porous interconnected structure. The interaction
between adjacent DNA strands and UCNP-Au nanoparticles
makes the photothermal efficiency of the hydrogel as high as
42.7%, and the tumor can be eradicated under 808 nm laser
irradiation. Zhou and his colleagues reported an injectable self-
healing hydrogel system based on CuS nanoparticles (Zhou
et al,, 2021). Hydrogels were constructed by forming a 3D
network of polyethylene glycol functionalized CuS
nanoparticles with surface amino groups with oxidized
The

introduction of CuS NPs endows hydrogels with excellent

dextran and PEG with amino terminal groups.
photothermal properties and can inhibit tumor growth in a
subcutaneous skin-tumor model. Interestingly, the hydrogel
also continuously releases Cu®*, which can promote the
proliferation of fibroblasts and vascular endothelial cells. Lee
and his colleagues synthesized a biodegradable hemoglobin
hydrogel (Lee et al., 2019). The hydrogel was constructed by
the rapid formation of PEG linkage between hemoglobin and
polyethylene glycol in situ. The hemoglobin hydrogel was
heated to 60°C under near-infrared laser irradiation, which
could effectively inhibit A549 lung cancer cells. Most
importantly, the hemoglobin has good biocompatibility and
can be completely degraded in 21 days after implantation.

Photothermal-enhanced bone tissue
regeneration

The number of patients with bone defects and osteoarthritis
is increasing. It not only brings pain to patients, but also is a
major problem in clinical treatment. The main reason for the
failure of bone defect and osteoarthritis repair is the loss of
osteoblasts and chondrocytes. (Marchev et al, 2017). The
biomineralization of calcium ions in

and phosphorus
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extracellular matrix is the key to bone regeneration. (de Melo
Pereira & Habibovic, 2018; Cheng et al., 2020). At present, many
scholars have introduced photothermal therapy into orthopedic
repair, providing a new strategy for this field (Wang et al., 2020a;
Chang et al.,, 2022). Wu et al. prepared hydrogels by using the
photothermal properties of polydopamine nanoparticles and
methacryloyl gelatin (Wu et al., 2022). Animal studies have
shown that, hydrogels can promote the alkaline ALP activity
the of
Polydopamine nanoparticles can provide mild photothermal

and formation extracellular ~calcified nodules.
treatment and have better bone repair ability. Liu et al
synthesized a new NIR hydrogel with high photoresponse and
mechanical strength using rare-earth gold hybrid nanoparticles
and alginate molecules (Figure 11A) (Liu et al., 2021). The
hydrogel can not only eradicate tumors by local photothermal
therapy, but also effectively promote bone repair as an internal
matrix.

Miao and his colleagues prepared nanocomposite hydrogels
through BP nano sheets (Miao et al., 2019). Under near-infrared
radiation, nanocomposite hydrogels have effective photothermal
antibacterial properties. In the absence of bone induction factors,
hydrogel matrix could enhance mineralization and bone
regeneration, and promote bone formation in vitro. Tan et al.
prepared EMC simulated hydrogel through BP nano sheet coated
by MSC membrane (Figure 11B) (Tan et al., 2022). Under NIR
irradiation, they activated heat shock proteins mediated matrix
metalloproteinases (MMPs) to induce mild photothermal effect
and stimulate the recruitment of osteoblasts. At the same time,
the thermal decomposition of BP will release phosphate ions into
the surrounding medium and attract calcium ions to form
hydroxyapatite in the ECM, which is conducive to the
migration and differentiation of osteoblasts and achieves the
effect of bone repair.

In addition, Qing et al. added MgO nanoparticles and black
phosphorus nanoparticles into poly (vinyl alcohol)/chitosan
hydrogels (Qing et al., 2022). The hydrogel can kill more than
99.9% of Staphylococcus aureus and Escherichia coli under NIR
irradiation. The released Mg ions stimulate mesenchymal stem
cells to migrate to the hydrogel, and cooperate with the released
phosphate to promote osteogenic differentiation, then synergistic
photothermal antibacterial and bone regeneration can be
achieved. Luo et al. successfully synthesized hydrogels

containing cisplatin and dopamine-modified
nanohydroxyapatite by Schiff base reaction between aldehyde
group on sodium alginate and amino group on chitosan
(Figure 11C) (Luo et al, 2019). The results show that the
photothermal properties of hydrogels under near-infrared
laser (808 nm) irradiation can effectively ablate tumor cells
in vitro and inhibit tumor growth in vivo. Most importantly,
because of the abundant functional groups on dopamine,
hydrogels can also promote the adhesion and proliferation of
bone marrow mesenchymal stem cells, further promote the

formation of bone tissue.
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Other biomedical applications

The eye is an important and special organ of the human
body, with unique physiological and anatomical characteristics.
If eye diseases occur, it is difficult to cure. With the frequent use
of lighting screens, eye diseases have become an increasingly
serious phenomenon (Li et al., 2021). Although there are many
drugs for relieving or treating eye in drops, powders and
ointments on the market, there are many deficiencies in their
use, such as low permeability, low bioavailability, short stay time,
frequent administration, etc. The intraocular bioavailability of
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these drugs is very low, usually only 1-5% (Wang F. et al., 2021).
At present, some non-traditional ocular drug delivery systems
have been extensively studied, such as nano carriers, hydrogels,
liposomes, etc. Researchers began to introduce photothermal
nano hydrogels into ocular drug delivery systems. Pang et al.
developed a mini eye patch based on photothermal conversion
hydrogel (Pang et al., 2019). The hydrogel eye piece was prepared
by cross-linking gelatin and gold nanoparticles. The heating
performance of eye piece was obtained through infrared
temperature profile and cycling temperature experiments. The
results show that the eye system can perceive a variety of visible
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light and react through spontaneous heating. Through the
hydrogel patch, it can convert all kinds of light into heat,
stimulate the lacrimal gland to produce more tears to alleviate
dry eye.

Microfluidics refers to the science and technology involved in
the system of using micro pipes (tens to hundreds of microns in
size) to process or manipulate micro fluids (nano liters to a liter
in volume). Through electrical stimulation to regulate and
transfer plasma nanomaterials, photosensitive materials are
introduced to prepare a hydrogel based microfluidic platform
with photothermal response, which can effectively provide
photothermal therapy in tumor treatment. Ha and his
colleagues developed one microfluidic platform based on
electric response hydrogel for brain tumor targeting and
photothermal therapy (Ha et al, 2020). Electroresponsive
hydrogels are composed of silver nanowires (Ag NWs) with
high conductivity and biocompatible collagen type I gels. The
electroresponsive hydrogel based microfluidic actuator platform
can deliver the electroresponsive smart nanomaterials, while the
vasopeptide coupled gold nanorods provide photothermal
of
photothermal therapy can promote the release of tumor drugs

therapy. The combination electric response and
and effectively improve the therapeutic effect. Fu et al. introduced
the principle of photothermal sensor into the analysis device
based on microfluidic paper (u PADs), a photothermal
microfluidic sensing platform with multi-channel dual-mode
quantitative readout driven by a NIR laser is developed (Fu G.
et al., 2019). Prussian blue was used as an analyte related
photothermal agent, which was synthesized in situ in the
thermal reaction poly (n-isopropylacrylamide) hydrogel as a
photothermal sensor on the chip. The photothermal effect
driven by the NIR laser not only triggered the dose dependent
heat generation on the chip, but also triggered the phase change
induced release of hydrogel dye, and enabled the dual-mode
vision based on thermal image and distance to read the analyte
concentration quantitatively in a multi-channel manner. The
elevated temperature of the hydrogel on the tablet and the
moving distance of the dye solution released are directly

proportional to the concentration of PB.

Conclusion and perspectives

The application and development of metal nanomaterials,
carbon-based nanomaterials, metal sulfide/oxide nanoparticles,
MXenes
polymer nanomaterials and organic dye materials in the

black phosphorus nanomaterials, nanomaterials,
preparation of photothermal nano hydrogels are reviewed in
this paper. The applications of photothermal nano hydrogels in

drug release, photothermal sterilization, photothermal cancer cell
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inhibition and bone repair enhancement were introduced in
detail. Photothermal nano hydrogels can inhibit the growth of
bacteria and tumor cells through the high temperature generated
by the photothermal effect, and control the sol-gel transition
behavior of hydrogels through the photothermal characteristics,
thus control the drug release. The synergistic effect of
photothermal therapy and chemotherapy can greatly enhance
the therapeutic effect and reduce the drug toxicity. There is no
doubt that the photothermal therapy of local hyperthermia
combined with chemotherapy will have further applications in
medical engineering.
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F MRI-fluorescence imaging
dual-modal cell tracking with
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Zhong-Xing Jiang?*
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Molecular Physics, National Center for Magnetic Resonance in Wuhan, Wuhan Institute of Physics and
Mathematics, Innovation Academy for Precision Measurement Science and Technology, Chinese
Academy of Sciences, Wuhan, China, *Department of Pediatrics, Affiliated Hospital of Changchun
University of Traditional Chinese Medicine, Changchun, China

As a noninvasive “hot-spot” imaging technology, fluorine-19 magnetic
resonance imaging (**F MRI) has been extensively used in cell tracking.
However, the peculiar physicochemical properties of perfluorocarbons
(PFCs), the most commonly used °F MRI agents, sometimes cause low
sensitivity, poor cell uptake, and misleading results. In this study, a partially
fluorinated agent, perfluoro-tert-butyl benzyl ether, was used to formulate a *°F
MRI-fluorescence imaging (FLI) dual-modal nanoemulsion for cell tracking.
Compared with PFCs, the partially fluorinated agent showed considerably
improved physicochemical properties, such as lower density, shorter
longitudinal relaxation times, and higher solubility to fluorophores, while
maintaining high '°F MRI sensitivity. After being formulated into stable,
monodisperse, and paramagnetic Fe**-promoted nanoemulsions, the
partially fluorinated agent was used in **F MRI-FLI dual imaging tracking of
lung cancer A549 cells and macrophages in an inflammation mouse model.

KEYWORDS

1°F MR, fluorescence, cell tracking, partially fluorinated, nanoemulsions

Introduction

Tracking cells in vivo with imaging technologies is highly important for biology,
pathology, and medicine (Hong et al., 2011; Kircher et al., 2011; Bulte and Daldrup-Link,
2018). Such imaging technologies may provide real-time, noninvasive, quantitative, and
multidimensional information about the cells for a better understanding of the biological
and pathological processes on a cellular level, thus promoting accurate diagnosis and
effective therapy. For example, tracking the circulating cancer cells in vivo with imaging

frontiersin.org
36


https://www.frontiersin.org/articles/10.3389/fbioe.2022.1049750/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1049750/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1049750/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1049750/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1049750/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.1049750&domain=pdf&date_stamp=2022-11-03
mailto:chenshizhen@apm.ac.cn
mailto:nhzzt@163.com
mailto:zxjiang@apm.ac.cn
https://doi.org/10.3389/fbioe.2022.1049750
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.1049750

Tang et al.

technology may shed light on cancer metastasis mechanisms and
therapeutic strategies (Xia et al., 2012; Nedosekin et al., 2013; Lee
et al,, 2018; Dutta et al., 2019; Dedn-Ben et al.,, 2020), while
monitoring macrophages may help visualize the immune
response to inflammation (Stoll et al., 2012; Bouvain et al., 2019).

In recent years, considerable attention has been given to
developing novel imaging technologies for cell tracking. Among
the imaging technologies, fluorescent protein-based fluorescence
imaging (FLI) (Chudakov et al., 2003; Sun et al., 2009; Ghosh
etal, 2019), fluorescence dye-based FLI (Bulte et al., 2004; Maska
et al., 2013; Tian et al., 2020), paramagnetic nanoparticle-based
'H MRI (Cromer Berman et al., 2011; Ahrens and Zhong, 2013;
Li et al,, 2013), and fluorinated nanoemulsion-based '*F MRI
(Ferreira et al., 2008; Bulte, 2009; Wang et al., 2013) are among
the most used ones. Since each imaging technology has its
strengths and weaknesses, tracking cells with multimodal
imaging is highly preferred, which takes advantage of each
imaging technology and provides accurate, detailed, and
multidimensional information. During cell tracking, the cells
are usually labeled in vitro and tracked in vivo, and some special
cells, such as macrophages, may also be labeled and tracked in
vivo. FLI is advantageous for in vitro cellular study due to its
convenience, high sensitivity, and resolution. Meanwhile, "°F
MRI perfectly overcomes the tissue-depth limit of FLI during
the in vivo animal study and provides noninvasive, quantitative,
and background-free “hot-spot” cell images without ionizing
radiation. Thus, '"F MRI-FLI dual imaging systems have
shown significant potential for clinical application.

Although some 'F MRI-FLI dual imaging systems have
recently been developed for cell tracking (Ahrens et al., 2005;
Gaudet et al, 2017; Peng et al, 2018), many issues remain
unaddressed. On the one hand, the low sensitivity of “F MRI
requires high '’F MRI agent-loading per cell and a large number
of F-labeled cells to achieve clear cell images (Ahrens et al,
2005; Gaudet et al., 2017; Peng et al., 2018). Furthermore, the
non-symmetric allocation of fluorine atoms in most
perfluorocarbon (PFC)-based imaging agents leads to severe
signal splitting, low '"F MRI sensitivity, and chemical shift

imaging artifacts. On the other hand, the peculiar
physicochemical ~properties of PFCs, such as high
hydrophobicity, low polarity, and low solubility in

hydrocarbons, usually result in complex formulation and
severe internal organ retention (Meyer et al., 1992; Kimura
et al, 2004; Janjic et al, 2008). Notably, the extremely low
solubility and interaction of fluorescent dyes in PFCs may
cause aggregation-induced quenching (ACQ) of fluorescence,
difficulties in encapsulation, and early release of fluorescent dyes
(Wiirthner et al., 2011; Battistelli et al., 2016). Moreover, the high
density of PFCs and their nanoemulsions may cause low cell
uptake, cell damage, and misleading results (Patel et al., 2013). To
address these issues, we recently used partially fluorinated agents,
hydrofluorocarbons (HFCs), as alternatives for PFCs (Chen et al.,
2022; Wu et al., 2022). These commercially available HFCs had a
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unified '°F NMR peak, considerable solubility toward fluorescent
dyes and functional agents, relatively low density and high "F
MRI sensitivity, and efficient cell uptake. However, significant
cytotoxicity was found in the HFC nanoemulsions, which
promoted the synthesis of highly sensitive and biocompatible
HEFC agents.

Herein, we have developed novel partially fluorinated
nanoemulsions for efficient "F MRI cell tracking through
synthesizing, screening, and formulating a series of HFCs.
Because of their high F MRI sensitivity, biocompatibility,
and stability (Wu et al., 2021), perfluoro-tert-butyl benzyl
ethers 1-7 were designed as HFCs (Figure 1). Three strategies
have been used to improve the 'F MRI sensitivity. First,
1-6 symmetrical PFTB groups were introduced into the
benzyl cores to generate an intense unified singlet "F NMR
peak from 9 to 54 equivalent YF atoms in HFCs 1-7, that is, the
utility of every '°F atom for sensitive "’F MRL Second, the -1t
interactions among the benzene cores of HFCs 1-7 may slow
their movements and thus shorten the longitudinal relaxation
time (T), which would shorten the data collection time during
F MRI and thus improve the signal-to-noise ratio per unit time
for sensitive '°F MRI. Third, perfluoro-tert-butoxylated diketone
chelators 8 and 9 may capture paramagnetic ions into the HFCs
and further shorten T, through the paramagnetic relaxation
enhancement (PRE) effect for highly sensitive '’F MRIL Due
to their similar hydrofluorocarbon structures, chelators 8 and
9 may be highly soluble in HFCs 1-7 and provide a unified '°F
NMR peak from the mixture. In these ways, a unified '’F NMR
peak with an ultrashort T; would be generated for highly
sensitive '’F MRI cell tracking. The near-infrared fluorescence
of the resulting fluorinated nanoemulsion may be realized by aza-
BODIPY 11. Compared to highly fluorinated PFCs, HFCs
1-7 with a benzene core and lower fluorine content may have
much higher solubility toward aza-BODIPY 11 and thus improve
the FLI capability. Moreover, the co-solubility and improved
interactions among HFCs 1-7, chelators 8 and 9, and aza-
BODIPY 11 may stabilize the nanoemulsion for high
biocompatibility. Perfluoro-15-crown-5 10, a widely used PFC
in 'F MRI, was employed as a control to illustrate the impact of
n-7 interactions and enhanced solubility.

Materials and methods
General information

'H, C, and ""F NMR spectra were recorded on a Bruker
400 MHz or 500 MHz. Chemical shifts and coupling constants
(J) were provided in ppm and Hertz (Hz), respectively. "H NMR
spectra were referenced to tetramethylsilane (d, 0.00 ppm) using
CDCl; (s, 7.26 ppm) or acetone-dg (m, 2.05 ppm) as the solvent.
C NMR spectra were referenced to solvent carbons (77.2 ppm
for CDCl; and 29.8 ppm for acetone-dg). '’F NMR spectra were

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1049750

Tang et al. 10.3389/fbioe.2022.1049750
(CF3);CO (CF3);CO (CF3)3;CO OC(CF3);3
(CF3);CO
1 2 3
OC(CF3)3
(CF3);CO (CF3)3CO OC(CF3);3
OC(CF3); (CF;);CO OC(CF;); (CF3);CO OC(CF3);3
4 5 6
(CF3)3CO OH O
X
(CF3);CO OC(CF3)3 (CF3)3CO O O OC(CF3);3
(CF3)3;CO OC(CF3)3 MeO OMe
OC(CF3)3 (CF3);CO 8 OC(CF3);3
s o O
F F
F F
OH O Fld  O_LF N
X OC(CF3); F F s e
FF o o F N\_N_-_Nx
MeO OMe E F P
F 07& E F
9 OC(CF3); FF P OF O Q
10 1
FIGURE 1

Structures of HFCs 1-7, chelators 8 and 9, perfluoro-15-crown-5 10, and aza-BODIPY 11.

referenced to 2% hexafluorobenzene (s, —164.90 ppm) in CDCl;.
The splitting patterns for '"H NMR and *F NMR spectra were
denoted as follows: s = singlet, d = doublet, t = triplet, q = quartet,
and m = multiplet.

Phospholipid S75 was purchased from Lipoid GmbH
(Ludwigshafen, Germany). Pluronic F68 (average MW =
8,350) (Shanghai, China).
Medicinal-grade soybean oil was acquired from Aladdin
(Shanghai, China). Aza-BODIPY was synthesized in this lab
according to the method used by Jokic et al. (2012). Human
breast cancer MCF-7 cells and human triple-negative breast
cancer MDA-MB-231 cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
The human lung adenocarcinoma cell line A549 was purchased

was obtained from Adamas

from Beyotime (Shanghai, China). BALB/c mice (female,
5-6 weeks old) and BALB/c nude mice (female, 5-6 weeks
old) were purchased from Hubei BIONT Biotechnology Co.,
Ltd. Unless otherwise indicated, all reagents were obtained from
a commercial supplier and used without prior purification. All
solvents were either analytical or HPLC grade. Deionized water
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was used unless otherwise indicated. THF was dried and freshly
distilled before use. Column flash chromatography was
performed on silica gel (200-300 mesh) with the eluent as
All
conducted according to the experimental practices and

indicated in the procedures. animal studies were
standards approved by the Animal Welfare and Research
Ethics Committee at the Innovation Academy for Precision
Measurement Science and Technology, Chinese Academy of
Sciences.

The size distribution and polymer dispersion index (PDI) of
nanoparticles were determined by a dynamic light-scattering
(DLS) instrument (Malvern, Nano ZS 90, United Kingdom).
UV-Vis and fluorescence emission spectra were obtained using
a UV-2600 UV-Vis spectrophotometer (Shimadzu, Japan) and
(HORIBA Scientific,
America), respectively. Aza-BODIPY encapsulation efficiency
(EE%) and drug loading efficiency (DLE%) were determined

using an LC20-AT reversed-phase high-performance liquid

a FluoroMax-4 spectrofluorometer

chromatograph (Shimadzu, Japan). In vitro cellular uptake
was determined by a Leica-TCS-SP8-STED CLMS (Leica,
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Germany). Cell viability (%) was determined using an
ELx800 (BioTek,
America). In vivo fluorescence imaging was determined

light-absorption  microplate  reader

using an IVIS Spectrum in vivo imaging system

(PerkinElmer, America).

Synthesis of HFCs 1-7 and chelators
8 and 9

HEC 1: Under an argon atmosphere, a solution of potassium
perfluoro-tert-butoxide (15.0 g, 54.7 mmol) in anhydrous N,N-
dimethylformamide (DMF, 100 ml) was added to a reaction flask
containing benzyl bromide 12 (7.8 ml, 65.6 mmol). The reaction
stired at 40°C for 12h until thin-layer
chromatography (TLC) analysis showed that benzyl bromide

mixture was

was consumed completely. Then, the reaction mixture was
quenched with water, and the lower phase was collected as a
yellowish oil, which was washed with water thrice to give HFC
1 as a colorless oil (15.9g, 89% vyield). '"H NMR (400 MHz,
CDCly) & 7.39-7.31 (m, 5H) and 5.02 (s, 2H). “F NMR
(376 MHz, CDCl,) § -73.11 (s).

General synthetic procedures for HFCs 2-6 using the
synthesis of HFC 2 as an example: Under an argon
atmosphere, a solution of potassium perfluoro-tert-butoxide
(6.2 g, 22.6 mmol) in anhydrous DMF (25 ml) was added to a
reaction flask containing bromide 13 (2.0 g, 7.6 mmol). The
reaction mixture was stirred at room temperature for 24 h
until TLC showed that the starting material was consumed
completely. The reaction mixture was quenched with water,
and the white precipitate was collected and washed with water
several times to give HFC 2 (Zhao et al., 2012) as a white powder
(3.0 g, 69% yield). 'H NMR (400 MHz, CDCl;) &8 7.43-7.39 (m,
1H), 7.34-7.32 (m, 3H), and 5.05 (s, 4H).””F NMR (376 MHz,
CDCl;) & -73.27 (s).

HEC 3 (Zhao et al.,, 2012) was prepared as a white powder
(5.5g, 84% yield) from 14 (3.0 g, 11.4 mmol) using the same
procedure as that for compound 2, with an increased amount of
potassium perfluoro-tert-butoxide (9.3 g, 33.9 mmol). '"H NMR
(400 MHz, CDCl;) 8 7.42 (s, 4H) and 5.12 (s, 4H). ’F NMR
(376 MHz, CDCl;) § —73.31 (s).

HFC 4 (Zhao et al., 2012) was prepared as a white powder
(0.9g, 83% yield) from 15 (0.5g, 1.9 mmol) using the same
procedure as that for compound 2, with an increased amount of
potassium perfluoro-fert-butoxide (2.1 g, 7.7 mmol). '"H NMR
(400 MHz, acetone-dg) 8 7.38 (s, 4H) and 5.08 (s, 4H). "’F NMR
(376 MHz, acetone-dg) 6 —71.18 (s).

HFC 5 (Zhao et al., 2012) was prepared as a white powder
(4.6 g, 89% yield) from 16 (2.0 g, 5.6 mmol) using the same
procedure as that for compound 2, with an increased amount of
potassium perfluoro-tert-butoxide (6.1 g, 22.3 mmol). '"H NMR
(400 MHz, CDCl3) 6 7.32 (s, 3H) and 5.07 (s, 6H). '"F NMR
(376 MHz, CDCl3) 8 ~73.36 ().
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HFC 6 was prepared as a white powder (1.0 g, 80% yield)
from 17 (0.5 g, 1.1 mmol) using the same procedure as that for
compound 2, with an increased amount of potassium
perfluoro-tert-butoxide (1.8g, 6.6mmol). 'H NMR
(400 MHz, acetone-dg) 8§ 7.67 (s, 2H) and 5.28 (s, 8H). '°F
NMR (376 MHz, acetone-dg) 8§ —71.24. *C NMR (101 MHz,
acetone-dg) 8 135.3, 129.9, 121.3 (g, J = 292.9 Hz), 81.2-80.3
(m), and 69.5. HRMS (ESI) calculated for CyH;oF3604K* ([M
+ K]*) 1108.9636 found 1108.9628.

Compound 20: Under an argon atmosphere, anhydrous
methanol (300 ml) and concentrated sulfuric acid (6.1 ml)
were added to a reaction flask containing acid 19 (10.0g,
55.5 mmol). The resulting mixture was refluxed for 8 h. Then,
the reaction was quenched with water and extracted with
dichloromethane (DCM, 300 ml, three times). The combined
organic layers were dried over anhydrous Na,SO, and
concentrated under vacuum, and the residue was purified by
silica gel column chromatography (PE/EA = 100/1) to give
compound 20 (Grimster et al., 2013) as a yellowish oil (11.8 g,
99% yield). "H NMR (400 MHz, CDCl;) § 7.71 (s, 2H), 3.88 (s,
3H), 3.74 (s, 3H), and 2.31 (s, 6H).

Compound 21: Under an argon atmosphere, compound 20
(11.0g, 56.7mmol), N-bromosuccinimide (NBS, 22.4g,
125.8 mmol), and azobisisobutyronitrile (AIBN, 58.3 mg,
0.35 mmol) were dissolved in CCly (230 ml). The resulting
mixture was refluxed for 3h. Then, the reaction was
quenched with water and extracted with dichloromethane
(DCM, 300 ml, three times). The combined organic layers
were dried over anhydrous Na,SO, and concentrated under
vacuum, and the residue was purified by silica gel column
chromatography (PE/EA = 250/1) to give compound 21 as a
white powder (11.8 g, 59% yield). "H NMR (400 MHz, CDCl;) §
8.07 (s, 2H), 4.56 (s, 4H), 4.08 (s, 3H), and 3.92 (s, 3H). *C
NMR (101 MHz, CDCls) § 165.7, 160.4, 133. 7, 132.5, 127.0,
62.6 (d, J = 1.7 Hz), 52.5 (d, ] = 1.8 Hz), and 26.9. HRMS (ESI)
calculated for C;;H;,Br,OsNa* ([M + Nal]* 347.9025 found
347.9020.

Compound 22: Under an argon atmosphere, a solution of
(109 g,
anhydrous DMF (60 ml) was added to a reaction flask
containing compound 21 (4.0g, 11.4mmol). The reaction

potassium  perfluoro-tert-butoxide 39.8 mmol) in

mixture was stirred at 40°C for 12h. The mixture was
quenched with water. The precipitate was collected and
washed with water three times. After dissolving in diethyl
ether, the precipitate was dried over anhydrous Na,SO,. Then,
the solution was filtered and concentrated to give a residue,
which was purified by rapidly flushing the silica gel column with
low-boiling petroleum ether to give compound 22 as a white
powder (4.7 g, 62% vyield). '"H NMR (400 MHz, acetone-ds) &
8.04 (s, 2H), 5.18 (s, 4H), 3.82 (s, 3H), and 3.77 (s, 3H). ""F NMR
(376 MHz, acetone-dg) & —71.01 (s). “C NMR (101 MHz,
CDCl;) § 165.9, 161.6, 133.7, 129.0, 127.1, 1205 (q, J =
292.8 Hz), 80.4-79.5 (m), 66.3, 63.8, and 52.6. HRMS (ESI)
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calculated for C,;oH3F;3OsNa* ([M + Na]* 658.0290 found
658.0291.

Compound 24: Under an argon atmosphere, compound 23
(1.0 g, 5.6 mmol, in 20 ml CCl,) was added to the reaction flask
containing NBS (2.2g, 124 mmol) and AIBN (5.5mg,
0.033 mmol). After being refluxed at 85°C for 3.5h, the
reaction mixture was quenched with water and extracted
with DCM (300 ml, three times). The combined organic
layers were dried over anhydrous Na,SO,, concentrated
under vacuum, and purified by silica gel column
chromatography (PE/EA = 150/1) to give compound 24 as a
white powder (0.96 g, 51% yield). "H NMR (400 MHz, CDCl;) §
7.98 (s, 2H), 4.57 (s, 4H), 4.08 (s, 3H), and 2.60 (s, 3H). 1*C
NMR (101 MHz, CDCl;) § 196.2, 160.6, 134.0, 132.6, 132.5,
62.6, 27.0, and 26.7. HRMS (ESI) calculated for
Cy H,,Br,0,Na* ([M + Na]*) 358.9076 found 358.9075.

Compound 25: Under an argon atmosphere, a solution of
potassium  perfluoro-tert-butoxide (0.7 g, 2.6 mmol)
anhydrous DMF (15ml) was added to a reaction flask

containing compound 24 (0.3g 0.9 mmol). After being

in

stirred at room temperature for 24 h, the reaction mixture

was quenched with water. The white precipitate was
collected, dissolved in petroleum ether, and dried over
anhydrous Na,SO4 Then, the solution was filtered and
concentrated to give a residue, which was purified by rapidly
flushing the silica gel column with low-boiling petroleum ether
to give compound 25 as a white solid (0.4 g, 72% yield). 'H
NMR (400 MHz, acetone-dg) 8 8.06 (s, 2H), 5.18 (s, 4H), 3.82 (s,
3H), and 2.46 (s, 3H). F NMR (376 MHz, acetone-d)
8 —70.99. °C NMR (101 MHz, CDCl,) § 196.3, 161.4, 134.0,
132.1, 129.2, 120.5 (q, J = 293.2 Hz), 80.4-79.3 (m), 66.3, 63.7,
and 26.5. HRMS (ESI) calculated for C,oH;,F,;504 Na* ([M +
Na]*) 669.0340 found 669.0342.

Compound 9: In a glove box, anhydrous tetrahydrofuran
(THF, 4ml) was added to the reaction flask containing
22 (441 mg,
acetophenone (50 mg, 0.3 mmol). Then, potassium tert-

compound 0.7 mmol) and p-methoxy
butoxide (111 mg, 1.0 mmol) was added. The mixture was
stirred at room temperature for 2 h and further stirred at 50°C
for 24 h. Subsequently, a 2-N HCI solution was added to
neutralize the reaction mixture. After that, the mixture was
extracted with diethyl ether (60ml, three times). The
combined organic layers were dried over anhydrous
Na,SO,, concentrated under vacuum, and purified by silica
gel column chromatography (PE/EA = 100/1) to give
compound 9 as a white solid (55.5mg, 24% vyield). 'H
NMR (500 MHz, CDCLy) 8 8.02-7.94 (m, 4H), 7.00-6.98
(m, 2H), 6.71 (s, 1H), 5.15 (s, 4H), and 3.88 (d, ] = 3.0 Hz,
6H). °F NMR (376 MHz, CDCl;) & -72.98. C NMR
(101 MHz, CDCl;) & 185.9, 182.9, 163. 6, 160.7, 132.6,
130.7, 129.4, 129.2, 127.9, 120.5 (q, J = 293.6 Hz), 114.2,
92.2, 80.5-79.9 (m), 66.4, 63.7, and 55.7. HRMS (ESI)
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calculated for C,;H;3F;30¢Na* ([M + Na]*) 803.0708 and
found 803.0706.

Formulation and characterization of
partially fluorinated nanoemulsions

The typical procedure for formulating partially fluorinated
nanoemulsion using nanoemulsion El as an example: The
optimized formulation is composed of 36% Lipoid S75, 4.5%
soybean oil, 0.5% aza-BODIPY 11, 1% chelator 9, and 58% HFC
1. Briefly, Lipoid S75 and aza-BODIPY 11 were each dissolved in
DCM. Chelator 9 (2 mg) was dissolved in HFC 1 (130 mg), and
the aza-BODIPY 11 (1 mg, 2.7 mM) solution was added. Then,
the solution of Lipoid S75 (80 mg, 20% w/v) was added to the
mixture. The resulting mixture was transferred to a 100-ml
round-bottom flask and subjected to solvent removal under
vacuum at a rotation speed of 50 rpm for 5 min at 37°C, thus
forming a thin film. The deionized water (4 ml) was added to the
reaction flask under ultrasound. The crude nanoemulsion was
sonicated in a water bath for 10 min and in a cell disruptor for
5 min, followed by filtration through a 0.2-um syringe filter.

Determination of aza-BODIPY encapsulation efficiency (EE
%) and drug loading content (DLC%): Different concentrations
of aza-BODIPY standard solutions (5 pug/ml, 10 pg/ml, 20 pg/ml,
25 ug/ml, 30 pg/ml, 40 pg/ml, and 50 ug/ml) were prepared with
analytical acetonitrile as the solvent, and the standard curve of
aza-BODIPY was
chromatography (HPLC). The chromatographic conditions of

drawn with high-performance liquid
HPLC are as follows: column: RP C18 column, 5 pm, 4.6 mm x
100 mm; mobile phase: A as H,O and B as CH;CN; gradient: B of
70%-100% (30 min); wavelength: 650 nm; injection volume:
20 pl; flow rate: 0.7 ml/min.

Nanoemulsions E1-E4 were centrifuged at 11,000 rpm for
30 min, the concentration of free aza-BODIPY in the supernatant
was measured by HPLC, and the mass of free aza-BODIPY (Wy)
was calculated based on the standard curve measured earlier. The
total weight of dried nanoemulsions (W4) and the total content of
aza-BODIPY in nanoemulsions (W,) were calculated, and EE%

and DLC% were calculated using Equations 1 and 2.

1
2

EE% = (W, — W;)/W, x 100%,
DLC% = (W, — W¢)/Wq x 100%.

In vitro cellular uptake study

A549 cells were cultured in DMEM high-glucose medium
with 10% fetal bovine serum and 1% penicillin-streptomycin. All
cells were cultured at 37°C in a humidified atmosphere
containing 5% CO,. About 2 x 10° A549 cells were seeded
into culture flasks overnight. A culture medium containing
nanoemulsions (E1-E4) with 18 mM 'F was added. After
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12 h incubation at 37°C, the medium was removed, and the cells
were washed with PBS thrice. Trypsin was added to detach cells,
and the cells were resuspended in PBS for counting.
Subsequently, the cells were centrifuged, and the supernatant
was removed; 400 ul of cell lysis solution was added and then
transferred to a 5-mm NMR tube, and a capillary tube containing
100 pl of sodium trifluomethanesulfonate solution was added to
measure the content of "°F.

About 2 x 10> A549 cells were seeded on 2-cm cell culture
dishes for 12h. A culture medium containing the BODIPY
(10 pg/ml)-labeled nanoemulsions (E1-E4) was added. After
12 h of incubation, the medium was removed, and the cells
were washed with PBS and fixed with 4% paraformaldehyde
for 15 min. Then, fixed cells were stained with 200 ul of 4,6-
diamino-2-phenylindole (DAPI) for 10 min and washed with
PBS at least three times. Finally, cells were imaged using a
confocal laser scanning microscope (CLSM).

In vitro cellular cytotoxicity assay

A549 cells, MCF-7 cells, and MDA-MB-231 cells were
cultured in DMEM high-glucose medium with 10% fetal
bovine serum and 1% penicillin-streptomycin. All cells were
cultured at 37°C in a humidified atmosphere containing 5% CO.,.

In vitro cell cytotoxicity was evaluated using a cell counting
(CCK-8) assay. About 1 x 10* cells (A549, MCF-7, and MDA-
MB-231, respectively) were seeded per well in 96-well plates (n =
3) and cultured for 24 h. Nanoemulsions (E1-E4) were diluted
with the medium to a specific concentration and added to each
well, respectively. After incubation for 12 h, cells were washed
with PBS (pH 7.4) twice. Then, 100 ul of CCK-8 (10% v/v)
solution was added to each well and incubated for another 2 h.
Finally, the absorbance at 450 nm was measured with a
microplate reader.

Cell viability (%) was calculated using the following formula:

Cell Vlablht}’(%) = [(ATest - ABlank)/ (ACOntrol - ABlank)] X 100%>

where Aress Acontrob a0d Apjank represented the absorbance
of cells with different treatments, untreated cells, and PBS buffer
solution, respectively.

In vitro nanoemulsion *°F MRI study

All "F MRI phantom experiments in the in vitro
nanoemulsion "’F MRI study were performed on a 400-MHz
Bruker BioSpec MRI system at 25°C. Nanoemulsions E1-E4 were
serially diluted with water to give a series of '°F concentrations of
40 mM, 20 mM, 10 mM, 5 mM, and 2.5 mM, respectively.

For E1-E4, the "F density-weighted '’F MRI phantom
images were acquired by using a gradient-echo (GRE) pulse
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sequence with the following parameters: method = RARE, matrix
size = 32 x 32, SI = 20 mm, FOV = 3.0cm x 3.0cm, TR =
4,000 ms, TE = 3 ms, NS = 12, and scan time = 384 s. For T,-
weighted '°F MRI phantom images, a gradient-echo (GRE) pulse
sequence with the following parameters was used: method =
RARE, matrix size = 32 x 32, SI = 20 mm, FOV = 3.0cm x
3.0 cm, TR = 180 ms, TE = 3 ms, NS = 135, and scan time = 389 s.

In vitro cellular **F MRI study

About 1 x 107 A549 cells were seeded on 10-cm cell culture
dishes for 24 h. A culture medium containing nanoemulsions
(E1-E4) with 18 mM of "°F was added. After 12 h of incubation at
37°C, the medium was removed, and the cells were washed with
PBS twice. Trypsin was added to digest the cells, and the cell
suspension was transferred into a centrifuge tube. After
centrifuging at 2,000 r/min for 5min, the supernatant was
removed, and the cell pellet was resuspended in PBS. The
suspension was transferred to a 0.5-ml tube and centrifuged
again to pellet the cells. Finally, the 0.5-ml tube was placed in a
10-mm NMR tube for imaging.

All ”F MRI phantom experiments in the in vitro cellular °F
MRI study were performed on a 400-MHz Bruker BioSpec MRI
system at 25°C.

The F density-weighted "F MRI phantom images were
acquired by using a gradient-echo (GRE) pulse sequence with the
following parameters: method = RARE, matrix size = 32 x 32,
SI =20 mm, FOV =2.0 cm x 2.0 cm, TR = 4,000 ms, TE = 3 ms,
384s. For T;-weighted “F MRI
phantom images, a gradient-echo (GRE) pulse sequence with

NS = 12, and scan time =

the following parameters was used: method = RARE, matrix
size = 32 x 32, SI = 20 mm, FOV = 2.0 cm x 2.0 cm, TR = 180 ms,
TE = 3 ms, NS = 135, and scan time = 389 s.

In vivo *F MRI and fluorescence imaging

Tracking A549 cancer cells in mice

About 1 x 107 A549 cells were seeded on 10-cm cell culture
dishes for 24 h. A culture medium containing nanoemulsions
(E1-E2) with 36 mM of "°F was added. After 12 h of incubation
at 37°C, the medium was removed, and the cells were washed
with PBS twice. Trypsin was added to digest the cells; then, the
cell suspension was transferred into a centrifuge tube. The
suspension was centrifuged at 2,000 r/min for 5min. The
supernatant was discarded, and the pellet was resuspended in
PBS; 0.1 ml of PBS (containing about 1 x 107 E1- or E2-labeled
cells) was injected subcutaneously into the left and right backs
of BALB/c nude mice (n = 3), respectively. In vivo '’F MR
images were captured using a 9.4-T nuclear magnetic
resonance, in which the mice were anesthetized with 5%
chloral hydrate.
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Synthesis of HFCs 1-7 and chelators 8 and 9.

The "F density-weighted "’F MRI phantom images of mice
were acquired using the RARE sequence with the following
25 s, TE = 4.6ms, RARE factor = 8,
number of averages = 130, number of repetitions = 1, matrix

parameters: TR =

size =48 x 48, FOV = 50 mm x 40 mm, number of slices = 1, slice
thickness = 15 mm, and total acquisition time = 32.5 min. T)-
weighted "’F MRI phantom images of mice were acquired using
the RARE sequence with the following parameters: TR = 200 ms,
TE = 4.6 ms, RARE factor = 8, number of averages = 1,630,
number of repetitions = 1, matrix size = 48 x 48, FOV =50 mm X
40 mm, number of slices = 1, slice thickness = 15 mm, and total
acquisition time = 32.6 min.
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In vivo fluorescence images were determined using an IVIS
640/
680 nm), in which the mice were anesthetized with 1%-2%

imaging system (PerkinElmer) (excitation/emission,

isoflurane in O,.

Tracking macrophages in an inflammation
mouse model

Three BALB/c mice were given footpad injections in their
right paw, each containing 1% carrageenan solution (CAS#
9,064-57-7, Sigma) in 0.9% saline. After 1h, the mice received
100 ul of E1 or E2 (Cg = 0.36 mmol/kg) through intravenous
injection via the tail vein. For in vivo fluorescence imaging, all
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FIGURE 2

Partial *°F NMR spectra [(A), in CDCls], *F relaxation times [(B), 0.4 mM in PFMCH], and concentration-dependent *°F NMR spectra [(C), in
PFMCH, with perfluoro-20-crown-5 10 as a control] of HFCs 1-6. All *°F NMR experiments were performed at 500 MHz at room temperature.

Hexafluorobene was used as the internal standard.

mice underwent serial fluorescence imaging (IVIS, PerkinElmer,
America) (excitation/emission, 640/680 nm) at 2h, 4 h, 6 h, 8 h,
and 12 h after receiving E1 or E2, during which the mice were
anesthetized with 1%-2% isoflurane in O,. A quantitative
analysis of the total radiance (photons/s) was performed with
Living Image software (PerkinElmer) by defining identical
regions of interest covering the left (control) and right paws.
In vivo "F MR images were captured using a 9.4-T nuclear
magnetic resonance, during which the mice were anesthetized
with 5% chloral hydrate.

Results and discussion

With these ideas in mind, the synthesis of HFCs 1-7 and
fluorinated chelators 8 and 9 was then carried out (Scheme 1).
First, from a series of commercially available benzyl bromides
12-18, HFCs 1-6 were synthesized in just one step by
nucleophilic substitution of the bromides with potassium
perfluoro-fert-butoxide in N, N-dimethylformaldehyde (DMF).
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Under the optimized conditions, HFCs 1-6 were prepared in
good yields on multi-gram scales. Notably, pure HFC 1 was
conveniently obtained by collecting the lower phase of the water-
quenched reaction mixture, and HFCs 2-6 were obtained by
filtration from the mixture, followed by washing with water.
Because of the high steric hindrance, many attempts failed to
synthesize HFC 7 with 6 perfluoro-tert-butoxyl groups, which
delivered complex mixtures. Second, the synthesis of fluorinated
chelator 8 commenced with the construction of fluorinated ester
22 and ketone 25. The commercially available benzoic acid
derivative 19 was first transformed into the corresponding
methyl ester 20, which was then radically di-brominated into
bromide 21. Through the potassium perfluoro-tert-butoxide
substitution reaction mentioned earlier, fluorinated ester
22 was prepared on a gram scale with a 36% yield over three
steps. Similarly, commercially available ketone 23 was di-
brominated and then substituted with potassium perfluoro-
tert-butoxide to give fluorinated ketone 25 with a 37% yield
over two steps. However, the Claisen condensation between the
fluorinated ester 22 and ketone 25 led to a complex mixture,
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TABLE 1 Ingredients, particle sizes, and PDIs of partially fluorinated
nanoemulsions.

Entry Ingredients® Size® (PDI)
1 1,9, 11, and S75 127 (0.23)
2 1, 9, 11, lecithin, and F68 113 (0.32)
3 1, 9, 11, S75, and soybean oil (E1) 143 (0.14)
4 1, 9, 11, S75, soybean oil, and FeCl; (E2) 145 (0.14)
5 1, 9, 11, lecithin, F68, and soybean oil (E3) 189 (0.19)
6 1, 9, 11, lecithin, F68, soybean oil, and FeCl; (E4) 189 (0.21)

“Amount of ingredients in 4 ml water: 130 mg 1, 2 mg 9, 1 mg 11, and 10 mg
soybean oil.
Particle sizes were measured by DLS, as nm of the diameter.

probably due to the high steric hindrance and peculiar fluorous
properties in the reactants. To address these issues, we replaced
the fluorinated ketone 25 with commercially available 1-(4-
methoxyphenyl)ethan-1-one 26 and successfully prepared
partially fluorinated chelator 9 under anhydrous conditions.
The structures of HFCs 1-6 and chelator 9 were confirmed by
their 'H/**C/"F NMR and mass spectra (see Supplementary
Material). The structures of known compounds 1-5 were
further confirmed by comparing their "H NMR spectra with
those of Zhao et al. (2012). As expected, all the fluorinated
compounds gave a sharp singlet "F NMR peak from their
multiple symmetrical fluorines, respectively (Figure 2A). HFCs
2-6 are clear solids at room temperature. Notably, solid
fluorinated agents usually have an ultra-short transverse
relaxation time (T,) and a quenched 'F signal. Thus, it is
necessary to disperse solid HFCs 2-6 in surfactants or liquid
agents to extend the T, for sensitive "’F MRL Interestingly, solid
HECs 2-6 showed high solubility in liquid HFC 1 due to their
similar chemical structures, delivering fluorinated solutions with
a pseudo singlet '’F NMR peak and tunable fluorine content (F
%). HFCs 5 and 6, with the highest fluorine contents, showed
heavy fluorous properties, for example, low solubility in most
hydrocarbon solvents but high solubility in fluorous solvents like
(PFMCH). Thus, the »F
relaxation times of HFCs 1-6 were measured in PFMCH
(Figure 2B). A molecular weight (MW)-dependent pattern of
"F relaxation time was observed from HFCs 1-6, that is, the

perfluoro(methylcyclohexane)

larger the MW, the shorter the relaxation times. Compared to
many perfluorocarbons, HFCs 1-6 had relatively short relaxation
times and small T}/T), ratios. During '°F MR], short T; and long
T,, that is, a small T;/T, ratio, are beneficial for rapid data
collection and thus sensitive '’F MRI. It was noteworthy that the
n-1 interactions among the benzene cores were successfully
observed in the concentration-dependent 'F NMR spectra of
HECs 1-6 in PFMCH (Figure 2C). When increasing the
concentrations, the '"F NMR peaks of HFCs 1-6 were shifted
to the low field as far as 0.184 ppm in HFC 3. In contrast,
neglectable apparent chemical shift changes, about 0.005 ppm,
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were observed in the corresponding solutions of perfluoro-20-
crown-5 10, which has no benzene structure. Furthermore, HFC
6 with four bulky PFTB groups gave a minimal "°F chemical shift
change of 0.045 ppm among the HFCs, in which the high steric
hindrance severely reduced the m-m interactions. In pure HFC
1 and its HFC 2-6 solutions, the m—m interactions were supposed
to reduce the T, for sensitive "’F MRI. Therefore, HFCs 1-6 were
conveniently synthesized on relatively large scales as valuable and
sensitive '°F MRI agents with a high F%, a sharp singlet "’F NMR
peak, significant -7 interactions among the benzene cores, and
relatively short relaxation times.

Because of its liquid form, very cheap precursor, and
convenient multigram-scale synthesis, HFC 1 was selected to
formulate partially fluorinated nanoemulsions for '’F MRI cell
tracking. Due to their similar chemical structures, fluorinated
chelator 9 was quite soluble in HFC 1, dramatically simplifying
the formulation of paramagnetic nanoemulsions. S75 and egg
yolk lecithin together with F68 were, respectively, identified as
the optimal surfactants for the formulation, providing
chelator 9, and aza-BODIPY

11 using a thin-film dispersion method (Table 1, Entries

nanoemulsions of HFC 1,

1 and 2). Interestingly, adding a small amount of soybean oil
delivered highly monodisperse nanoemulsions E1 and E3
(Table 1, Entries 3 and 5). After adding FeCl; to the
nanoemulsion solution, the apparent color change indicated
the chelation of Fe** by fluorinated chelator 9, providing a
paramagnetic nanoemulsion with negligible particle size and
PDI changes. After the removal of unchelated Fe’* in the
solutions by dialysis, paramagnetic nanoemulsions E2 and
E4 were prepared with high monodispersity (Table 1, Entries
4 and 6).

The high monodispersity of nanoemulsions E1-E4 was
confirmed by dynamic light scattering (DLS) with low
polydispersity indexes (PDI, Figure 3A). Furthermore, DLS
detected only slight changes in the particle size and PDI of
El solutions during 14 days (Figure 3B), indicating its high
stability. In contrast, a considerable increase in the PDI of
E3 between day 8 and day 14 showed less efficacy of lecithin
and F68 in formulating HFC 1. NIR dye aza-BODIPY 11 was
successfully encapsulated into the nanoemulsions with high
efficiency (E1: 93%, E2: 96%, E3: 93%, and E4: 97%) and a
loading content of about 0.45%. Compared to aza-BODIPY 11,
the nanoemulsions gave slightly red-shifted maximum UV-Vis
absorption peaks around 653 nm (Figure 3C) and a maximum FL
emission peak around 682 nm (Figure 3D). Moreover, the
encapsulation did not compromise the fluorescence intensity
of aza-BODIPY (Supplementary Figure S3). It was found that the
Fe’* in nanoemulsions E2 and E4 considerably lowered the
maximum UV-Vis absorption and FL emission intensities,
probably due to the photoinduced electron transfer between
aza-BODIPY and Fe** (El-Khouly et al., 2004; Doose et al.,
2009; Fukuzumi et al., 2012). Each fluorinated nanoemulsion
gave a singlet '°F NMR peak of around -72.4 ppm (Figure 3E).
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DLS (A), stability monitored by DLS over 14 days (B), UV-Vis absorption spectra (C), FL emission spectra (D), partial *°F NMR spectra and *°F
relaxation times (E), *°F density-dependent phantom images and the logarithm plot of Sl versus *°F concentration (F), and *°F T;-dependent phantom
images and the logarithm plot of Sl versus *°F concentration (G) of nanoemulsions E1-E4.

The nanoemulsions E1 and E3 had relatively long "°F T,, while
the Fe’" in nanoemulsions E2 and E4 significantly shortened the
"F T, by 3.6 and 5.1 folds, respectively, through the PRE effect
(Figure 3E). The short T, facilitated a fast '°F T,-dependent °F
MRI
E1-E4 were imaged by "F MRI at a '’F concentration as low
as 5 mM using a '°F density-dependent MRI method with a data
collection time of 384 s (Figure 3F). As expected, the '’F MRI
sensitivity was significantly improved by the encapsulated Fe**
using a "’F T;-dependent MRI method, in which paramagnetic
nanoemulsions were imaged at a low concentration of 2.5 mM
with a data collection time of 389 s (Figure 3G). Notably, the
logarithm of "°F signal intensity (SI) was proportional to the '°F
concentration in both density-dependent 'F MRI and T;-
dependent "F MRI (Figures 3F, G), which facilitates the
quantification of "F concentration with "F SI. Thus,

scan for high-quality images. The nanoemulsions

fluorinated nanoemulsions E1-E4 with high monodispersity,
stability, and unified and paramagnetic-enhanced ’F signals
were formulated as sensitive and quantitative '"F MRI-FLI
dual imaging agents.

Next, nanoemulsions E1-E4 were investigated in cells. First,
the biocompatibility of nanoemulsions E1-E4 was investigated in
human lung cancer A549 cells, human breast cancer MCF-7 cells,
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and human triple-negative breast cancer MDA-MB-231 cells
using the CCK-8 cytotoxicity assay. High cell viabilities were
observed in the nanoemulsion-treated cells with a °F dose as
high as 45 mM after 12h of incubation (Figures 4A-C), far
beyond the '’F MRI-detectable concentrations mentioned earlier.
Second, due to their relatively high stability, a quantitative '°F
NMR study was carried out on the nanoemulsion E1- and E2-
treated A549 cells. After incubating 1 x 10”7 A549 cells with
nanoemulsions E1 and E2 at a ’F concentration of 18 mM for
12 h, the cell lysates were quantitatively analyzed with 'F NMR,
which gave a strong "F NMR peak of around -71.3 ppm,
respectively (Figure 4D). After calibrating the F NMR SI
with an internal standard of sodium triflate, each cell was
take up 10" (Figure A4E).
Interestingly, A549 cell lines showed significantly higher

found to fluorine atoms
uptake of paramagnetic nanoemulsion E2 than diamagnetic
nanoemulsion E1, while the reason for this phenomenon is
still unclear. Third, the cell uptakes of nanoemulsions E1 and
E2 were studied with confocal microscopy in A549 cells
(Figure 4F). After 12 h of incubation, the red fluorescence of
aza-BODIPY was visible in the cytoplasm around the nucleus
dyed with blue-fluorescent DAPI, indicating the successful

uptake of nanoemulsions E1 and E2. Notably, the Fe**
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partially quenched the FL of aza-BODIPY in nanoemulsion E2,
resulting in a weaker FL intensity of E2-treated cells than that of
El-treated cells. In addition, no notable hemolysis was observed
for nanoemulsions E1 and E2 in the blood (Supplementary
Figure S2), and no death of BALB/c mice was observed after
intravenous injection of nanoemulsion (100 pl, "’F concentration
of 450 mM) in an acute toxicity test, indicating the good
biocompatibility of nanoemulsions E1 and E2. Finally, “F
MRI was carried out on the El- and E2-treated A549 cells.
About 1 x 107 A549 cells were clearly imaged by both '°F density-
dependent and T;-dependent '°F MRI with short data collection
times of 384 s and 389 s, respectively (Figure 4G). Moreover, due
to the PRE effect of Fe’", the SI of T,-dependent '°F MRI was 2.2-
fold higher than that of "F density-dependent '’F MRI in the
mice injected with paramagnetic nanoemulsion E2-treated
A549 cells (Figure 4H). Therefore, the partially fluorinated
El and E2 had high biocompatibility,
quantifiable "’F NMR, efficient cell uptake, and high F MRI
sensitivity, which were suitable for quantitative "’F MRI-FLI dual

nanoemulsions

imaging cell tracking.

Finally, in vivo "’F MRI-FLI dual-modal cell tracking with
partially fluorinated nanoemulsions E1 and E2 was carried out in
BALB/c nude mice. On the one hand, the tracking of lung cancer
A549 cells was investigated by subcutaneous injection of 1 x 10’
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El- and E2-labeled A549 cells to the right and left flanks of mice,
respectively (Figure 5A). The injected cells were first tracked with
in vivo FL, in which paramagnetic nanoemulsion E2-treated
A549 cells showed weaker FL intensity than that of El-treated
cells due to the FL-quenching Fe’* in nanoemulsion E2
(Figure 5B). Then, the A549 cells were tracked with ""F MRI
using "°F density-dependent and T;-dependent MRI sequences
(Figure 5C). Notably, the cells injected into the left flank gave a
1.9-fold higher "F MRI SI than that of the right flank using a "°F
density-dependent sequence, while the ratio of SI was further
improved to 3.3-fold using a T;-dependent sequence (Figure 5D),
showing the high efficacy of Fe’* in improving ""F MRI
sensitivity. On the other hand, macrophage cells were labeled
in vivo and tracked in a carrageenan-induced inflammation
model. After tail vein injection of 100 pl nanoemulsions
El and E2 at a "F concentration of 72 mM into the mice
with right paw inflammation, the time-dependent FLI and '’F
MRI were recorded, respectively. The time-dependent FL images
that  the
accumulated mainly in the liver, lung, and kidney at 2 h post-
injection and selectively accumulated in the right paw at 4 h post-
injection, while neglectable FL was observed in the left paw
(Figure 5E). The time-dependent FL intensity in the right paw
region indicated that E2-labeled macrophages were eliminated

showed nanoemulsion-labeled  macrophages
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much faster than El-labeled macrophages in this inflammation
model (Figure 5F). The FL images of internal organs collected at
illustrated  the
accumulated in the liver, while the accumulations in the heart,

4h post-injection nanoemulsion mainly
spleen, lung, and kidneys were not detected at this time
(Figure 5G). Unfortunately, many attempts to track the
nanoemulsion-labeled macrophages with '"F MRI could not
provide clear images of the inflamed paw, probably due to the
low dose of E1 and E2.

Conclusion

In summary, we have developed partially fluorinated
paramagnetic nanoemulsions from readily available
chemicals for "F MRI-FLI dual-modal cell tracking. To
address the challenge of 'F MRI sensitivity in cell
tracking, we have used many valuable strategies, including
the efficient synthesis of fluorinated molecules with multiple
symmetrical fluorine atoms and a strong "°F signal, unifying
the '°F signals from all components in the nanoemulsions and
shortening T; through the intermolecular interactions and
the PRE effect of paramagnetic iron (III). Indeed, the partially
fluorinated paramagnetic nanoemulsions exhibit high '°F
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MRI sensitivity, which was detected at a low fluorine
concentration of 2.5 mM with a short data collection time
of 389s. Further improvement in '"F MRI sensitivity, for
example, using HFCs 5 and 6 as '°F signal molecules, is still
needed to achieve more sensitive in vivo '°F MRI cell tracking
as indicated in the inflammation mice model. Meanwhile,
efforts have been made to improve partially fluorinated
nanoemulsions’ physicochemical and biological properties.
Through screening surfactants and adding soybean oil, highly
monodispersed and stable nanoemulsions were obtained. The
significant intra-molecular interactions of perfluoro-tert-
butyl benzyl ethers have been shown to facilitate the
successful encapsulation of functional molecules, including
aza-BODIPY, stable
nanoemulsions, which enables their dual-modal imaging

fluorinated chelators and into
and high biocompatibility toward a series of cells. Because
of their peculiar physicochemical properties, the application
of perfluorocarbon nanoemulsions in '’F MRI cell tracking
has been hampered by issues of sensitivity, biocompatibility,
and multimodal compatibility. The strategy developed here,
lowering the fluorine content while maintaining sensitivity
and optimizing physicochemical properties, may address
some of these issues and push ""F MRI cell tracking into

further clinical application.
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Lidocaine, a potent local anesthetic, is clinically used in nerve block and pain
management. However, due to its short half-life, repeated administration is
required. For this reason, here we designed and prepared a lidocaine-
encapsulated polylactic acid-glycolic acid (Lidocaine@PLGA) microcapsule
with ultrasound responsiveness to relieve the sciatica nerve pain. With a
premixed membrane emulsification strategy, the fabricated lidocaine-
embedded microcapsules possessed uniform particle size, good stability,
injectability, and long-term sustained release both in vitro and in vivo. More
importantly, Lidocaine@PLGA microcapsules had the function of ultrasonic
responsive release, which made the drug release controllable with the effect
of on-off administration. Our research showed that using ultrasound as a trigger
switch could promote the rapid release of lidocaine from the microcapsules,
achieving the dual effects of long-term sustained release and short-term
ultrasound-triggered rapid release, which can enable the application of
ultrasound-responsive Lidocaine@PLGA microcapsules to nerve root block
and postoperative pain relief.
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Introduction

Lidocaine was first synthesized in the 1940s and was initially
used as a local anesthetic and antiarrhythmic treatment
(Hermanns et al,, 2019). In the 1950s, as research on the
molecular mechanism of lidocaine deepened, it was found that
lidocaine can not only block sodium ion channels (Gawali et al.,
2015) but also has critical effects on hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels. A certain inhibitory
effect, which changes the conduction of action potentials, had
analgesic properties (Zhou et al., 2015; De Cassai et al., 2021; Foo
etal,, 2021; Lee and Schraag, 2022) and played an important role
in pain management (Dunn and Durieux, 2017; Soto et al., 2018).
However, due to its poor water solubility and short half-life, the
drug effects only last for 2h, and thus it often requires the
repeated administration to obtain satisfactory results to satisfy
clinical application (Liu and Lv, 2014). In general, encapsulation
of drugs into polymeric carriers has attracted emerging interests
in recent years. Scientific teams have designed and developed
sustained-release ~ materials  including  microcapsules,
nanoparticles, hydrogels, liposomes, and other sustained-
release materials as drug carriers (Ma, 2014; Svirskis et al,
2016; Nagasaki et al,, 2017; Butreddy et al, 2021; Escareno
et al, 2021; Li et al, 2021; Zeng et al, 2021), and the
embedded drugs in the sustained-release materials can provide
long-term slow release under mild conditions (Sharma et al.,
2018). However, due to differences in degree of pain and the pain
tolerance,  individualized treatment and on-demand
administration are required in practical clinical applications,
as the long-term sustained-release function alone also does
not meet clinical needs (Suraphan et al., 2020).

Ultrasound-responsive polymeric materials had attracted
significant attention for several decades. Compared to other
traditional stimulate respondence, such as UV stimulus,
thermal stimulus, and pH stimulus, the ultrasound-responsive
materials were more applicable because of their efficient drug
delivery and targeted treatment via non-invasive means.
Commonly used ultrasound-responsive biomaterials mainly
included micro/nano bubbles/droplets, polymeric micelles,
prodrugs, hydrogels, and nanogels (Marin et al, 2001;
Rapoport et al., 2011; Huebsch et al., 2014; Hernandez et al.,
2017; Shende et al., 2018; Tang et al., 2018; Shende and Jain, 2019;
Wei et al, 2020). Various drugs or bioactive molecules can
therefore be delivered using these ultrasound-responsive
delivery vehicles for a variety of disease therapies (Doukas
and Kollias, 2004; Chung et al., 2008; Aryal et al., 2014; Yin
et al.,, 2014; Yamaguchi et al., 2019; Wang et al., 2022).

In this work, we successfully prepared ultrasonic-responsive
Lidocaine@PLGA microcapsule formulations by encapsulating
insoluble lidocaine drugs inside the microcapsules through premix
membrane emulsion (PME) combined with the water in oil in water
(W/O/W) double emulsion method (Figure 1). Rational design made
the Lidocaine@PLGA microcapsules uniform in particle size, well
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dispersible, and injectable. In addition, as a non-invasive external
mechanical energy, ultrasound can controllably adjust the drug
release of drug-loaded microcapsules to achieve on-demand drug
delivery (Kost et al, 1989; Sirsi and Borden, 2014; Wallace and
Wrenn, 2015; Gao et al,, 2018; Chandan et al.,, 2020; Ben Daya et al,,
2021; Yuan et al,, 2021; Fan et al,, 2022). The polymer PLGA is an
important macromolecular organic compound with good
biodegradability and biocompatibility, which is widely used in the
field of biomedicine. Thanks to their unique encapsulation and
globularity,
encapsulated for long-term sustained slow release(Cappellano
et al., 2019; Ospina-Villa et al., 2019; Rocha et al., 2022). In vitro
and in vivo experiments confirmed that microcapsules with

some drugs, proteins, and vaccines can be

ultrasound responsiveness can switch drug delivery to become
continuously released for more than 10 days, achieving dual
effects of long-term sustained release and short-term ultrasound-
triggered rapid release, achieving a novel on-demand drug delivery
and thereby meeting a range of clinical requirements. The
combination of polymer PLGA and ultrasound is a new discovery
in medical materials, and it meets the clinical needs of long-term
sustained release and short-term rapid release under ultrasonic
intervention, which is helpful for deeper exploration and wide
application in the field of biomedicine.

Materials and methods
Materials

PLGA (weight: 10,500; lactide/glycolide ratio, 75/25) was
purchased from Yuanbohuike Institute of Biotechnology
(Beijing, China). Lidocaine was purchased from Sarn
Ltd. (Shanghai, China).
Polyvinyl alcohol (PVA) was purchased from Shanghai
Aladdin Co., Ltd. (Shanghai, China).
Dichloromethane purchased from  Concord

Chemical Technology Co.,
Biochemical

was
Technology Co., Ltd. (Tianjin, China). The specification of
the dialysis membrane purchased from Solarbio Technology
Co., Ltd. (Beijing, China). Rapid membrane emulsification
equipment (FMEM-500M) and Shirasu Porous Glass (SPG)
membrane were purchased from National Engineering
Research Center for Biotechnology. The SPG membranes
were annulus cylinders with pore sizes of 7.0 um. A hand-
held ultrasound (Model TT-CC-X convex array) apparatus
was purchased from Shenyang Tiantai Telemedicine
Technology Development Co., Ltd. (Shenyang, China). A
cell-crushing apparatus was purchased from Shanghai
Xinzhi Biotechnology Research Institute (Shanghai China).
An ultrasonic water bath apparatus was purchased from
Co., Ltd.

China). A high-speed centrifuge was purchased from

Kunshan Ultrasonic Instruments (Kunshan

Anhui Jiawen Instrument Equipment Co., Ltd. (Anhui
China).
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Schematic diagram of the preparation of Lidocaine@PLGA microcapsules via the PME method and their application in the rat sciatic nerve injury

model.

Measurements

The morphology of the microcapsule was observed with
scanning electron microscopy (SEM; JSM-6700F, JEOL, Japan)
at an accelerating voltage of 5 kV. An aqueous solution of drug-
loaded microcapsule particles was adhered to a metal circular
table using conductive glue and vacuum-coated with a thin layer
of platinum using a sputter coater (EM SCD 500, Leica, GER).
Fourier transform infrared (FT-IR) spectra were recorded using
the potassium bromide pellet method and an infrared
spectrometer (Tensor 27, Bruker, GER). The microcapsule size
was measured with dynamic light scattering (DLS, Nano-ZS90,
Malvern, UK.).

Preparation of Lidocaine@PLGA
microcapsules

Lidocaine@PLGA microcapsules were prepared using a
water-in-oil-in-water (W/O/W) membrane emulsification
method. First measure 3 ml of deionized water as the inner
water phase. An appropriate amount of 1% PVA aqueous
solution was prepared as the outer water phase, and 400 mg of
PLGA and 400 mg of lidocaine were dissolved in 8 ml of
dichloromethane as the oil phase. The inner water phase
was added to the oil phase, and emulsified by ultrasonic
(power 200 W) with an ultrasonic cell disruptor to obtain a
water-in-oil primary emulsion. The primary emulsion was
then poured into 200 g of the outer aqueous phase to form a
water-in-oil-in-water pre-reconstituted emulsion. The pre-
recombination emulsion was quickly poured into the
membrane emulsification device, and the re-emulsion
emulsion was pressed through a membrane tube with a
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pore size of 7.0 um with a nitrogen pressure of 0.07 MPa,
repeated three times until a re-emulsion emulsion with
uniform particle size was obtained. After stirring overnight
at room temperature to allow the solution to completely
evaporate, the solidified microspheres were collected by
centrifugation, washed three times with distilled water, and
freeze-dried in a liquid nitrogen freeze dryer for 24 h to obtain
the targeted Lidocaine@PLGA microcapsules.

Determination of drug loading

A certain weight of Lidocaine@PLGA microcapsules was
added into an appropriate amount of dichloromethane to
dissolve. Then hydrochloric acid solution was extracted three
times, mixed, and diluted into a bottle, and the absorbance was
measured at 262.5 nm by UV spectrophotometry. The amount of
lidocaine in the solution was calculated as follows.

lidocaine amount (mg) “100%
(]

Drugloading (%) =
rugloading (%) Lidocaine@PLGA microcapsules (mg)

(&

In vitro drug release

The suspension of physiological saline and drug-loaded
microcapsules was put into a dialysis tube (molecular weight
cut-off:  3500),
Lidocaine@PLGA microcapsules in the dialysis tube was

and the lidocaine release behavior of
monitored at 40 r/min in a constant temperature shaker at
37°C. To verify the ultrasound-responsive behavior of drug-
we used and

loaded microcapsules, compared three
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Schematic diagram of (A) handheld ultrasound instrument, (B) sciatic nerve index detection, and (C) oblique plate experiment.

instruments: a handheld ultrasound(Figure 2A), a water bath
ultrasound, and a cell disruptor. The suspension of normal
saline and drug-loaded microcapsules was put into a dialysis
tube (molecular weight cut-off: 3500) and exposed to
ultrasound instruments for the predetermined duration
time. The control group was placed in a thermostatic
shaker for 40 r/min without any intervention. At various
time intervals, 5 ml solution outside the dialysis membrane
was withdrawn and replaced with a freshly mixed solution.
The absorbance was brought into the standard curve equation
by UV spectrophotometry to calculate the cumulative release
percentage, as follows.

VoxC, + Vs Y €, 100%
M#*D

@

Cumulative release percentage (%) =

Vo. Volume of release medium, mL; C,: Concentration of
lidocaine hydrochloride at the nth sampling point, mg/mL; V:
volume per sample, mL; M: The total mass of the microspheres in
the delivery medium, mg; D: Drug loading of microspheres in
release medium.

In vitro cytotoxicity assay

1929 cells were seeded in 96-well plates (30,000 cells per well)
and cultured at 37°C in a 5% CO, for 24 h. Then, the prepared
lidocaine microcapsules and blank microcapsules in different
aqueous solutions were added to the orifice plate at 10-, 50-, 100-,
150-, and 200-fold dilution concentrations, and the unmedicated
group was used as a negative control. After 24 h incubation, cell
viability was calculated using cell Counting Kit-8 (CCK-8,
Dojindo, Kumamoto, Japan) according to the manufacturer’s
instructions. Absorbance was read at a wavelength of 450 nm
using a microplate reader (Varioskan Flash; Thermo Fisher
Scientific, Waltham, MA, United States).
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Establishment of animal models

In all, 12 healthy male SD rats aged 6-8 weeks with a body
weight between 250 and 300 g were randomly divided into
sham surgery group, lidocaine microcapsules group, and
lidocaine microcapsules ultrasound group, with 4 in each
each, 0.1 ml/100g of 3%
intraperitoneal anesthesia was given; after the anesthesia is

group. To pentobarbital
satisfactory, the skin was prepared on the back of the left
lower extremity. After disinfection, an incision is performed
of the skin and the subcutaneous fascia, and hemostatic
forceps were used to separate the biceps femoral muscle
and the hemimetic muscle until the coarse sciatic nerve
was visible; blunt separation and ligation were performed
with 4-0 suture at the front 2 mm of the trigeminal branch, in
a ligation range is 5 mm and a ligation spacing is 1 mm, with
the degree of ligation tightness subject to the twitching of the
calf muscles. Physiological saline irrigation and hemostasis of
the wound were performed after the operation was
completed. The muscles, skin, and surgery area were
disinfected in turn with alcohol. Rats in the sham surgery
group were only free from the sciatic nerve and were not
ligated. The experimental procedure ensured that all rat
muscles were sutured with one stitch two skin sutures, and
the entire surgical process was completed by the same
operator.

Determination of sciatic nerve function
index

Ink was dripped on the soles of the feet on both sides of the
SD rats, and they were placed in the starting position on the
paper runway. The two sides of the runway were covered with
cardboard pieces to prompt the rats to run to the end of the
runway. The bottom of the runway was covered with white
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FIGURE 3
(A) PLGA microcapsule prepared with premixed membrane emulsification method. Lidocaine@PLGA microcapsule prepared with (B) and
without (C) premixed membrane emulsification method by electron microscope at (a) 1000x, (b) 3000x, or (c) 5000x. (D) The morphology change of

Lidocaine@PLGA microcapsule after ultrasound process. (E) Optical photographs of 3 mg/ml of Lidocaine@PLGA microcapsule with (right) and
without (left) premixed membrane emulsification method in water after standing for (a) O h, (b) 6 h, and (c) 12 h.
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FIGURE 4
(A) DLS profile of the Lidocaine@PLGA microcapsule. (B) IR spectra of the drug, PLGA polymer, and the Lidocaine@PLGA microcapsule.
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FIGURE 5

(A) The UV-scanning spectrum and (B) the standard curve of lidocaine. The drug release behaviors from Lidocaine@PLGA microcapsules with
various (C) ultrasonic equipment, (D) ultrasound across pig skin, (E) ultrasonic duration time, and (F) cumulative release with each specific ultrasonic

duration time of 6 min.

pieces of paper for easy recording of the rat footprints. The
length of the runway was optimal for collection of the
footprints of the 10 pairs of rats, and the width of the
runway was just sufficient to accommodate the rats. The
distances of the parts of the rat’s footprint were measured
at different time points (Figure 2B), and the sciatic nerve
function index of rats was evaluated as follows.
SFI = 109.5 (ETS — NTS)/NTS — 38.3 (EPL — NPL) /NPL

+13.3 (EIT — NIT)/NIT - 8.8 3)

SFI = 0 indicates normal sciatic nerve function,

SFI = -100 represents complete sciatic nerve injury. Here,
experimental foot (E), normal foot (N), print length (PL), toe
spread (TS), and intermediate toe spread (IT) are defined.
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Inclined plate experiment

The rats were placed on the rectangular cube floor in turn,
and after the rat adapted to the surrounding environment,
they were close to the rectangular cube head side, and the body
axis of the rat was kept perpendicular to the rectangular cube
head side. This side was mounted with a lifter, so that it could
be slowly raised, and the angle between the three-dimensional
box bottom plate and the horizontal surface gradually
increased. When the rat was had difficulty remaining
attached to the three-dimensional box bottom plate for 5s
and began to slide down, the angle between the three-
dimensional box floor and the
recorded (Figure 2C).

horizontal surface was
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In vitro cytotoxicity of PLGA microcapsules with or without
lidocaine laden.

Results and discussion

Preparation and characterization of
Lidocaine@PLGA microcapsule

Scanning electron microscopy (SEM) showed that PLGA

microcapsules and  Lidocaine@PLGA  microcapsules — were
spherical, with a regular shape and smooth surface (Figures
3A,3B), with no significant difference. By contrast, the prepared
Lidocaine@PLGA microcapsules without premixed membrane
emulsification method exhibited heterogeneous, unsystematic,
and even disorderly morphologies and rough surface (Figure 3C).
Then, we further observed the effect of the ultrasound on the

microcapsules after a hiatus of 2 weeks and found that the

10.3389/fbioe.2022.1072205

surface was gradually changed from the smooth to the rough
along the occurrence of some fold structures in Figure 3D, which
indicated ultrasound-responsive drug release behavior from the
Lidocaine@PLGA microcapsule. The obtained microcapsules with
uniform particle size of ca. 3 um were uniformly dispersed, and good
suspension stability was seen under different magnifications.
Relative to the traditional solvent evaporation method, the
Lidocaine@PLGA microcapsule prepared by the membrane
emulsification method can be evenly distributed in solutions even
after standing for 12 h, which is beneficial for clinical application
(Figure 3E).

The diameter of the Lidocaine@PLGA microcapsule was
further measured using the DLS result, which exhibited a
similar size to that seen in Figure 4A. The infrared spectrum
results suggest the appearance of certain typical characteristic
peaks of PLGA polymer and lidocaine. More importantly, some
characteristic shift peaks were seen from 1400.2cm™ to
1456.1 cm™ and from 1664.4 cm™ to 1758.9 cm™ (Figure 4B),
which indicated a physical interaction between the two
substances and lidocaine within the lidocaine microcapsules,
powerfully revealing that the lidocaine was successfully
encapsulated into the microcapsules, rather than being the
result of a simple physical mixing.

The drug loading ratio of the Lidocaine@PLGA microcapsule
was calculated as 15.5%. We investigated the ultrasound-responsive
drug release of Lidocaine@PLGA microcapsules with a handheld
ultrasound, a water bath ultrasound, and a cell rupture device, and
we compared them with a blank control group. The UV-scanning
spectrum and standard curve of Lidocaine are displayed in Figures
5A,5B, exhibiting the absorbance was at 262.5nm by UV
spectrophotometry. As shown in Figure 5C, Lidocaine@PLGA
microcapsules were performed for continuous ultrasound of
6min at 1, 2, 3, 5, and 7h, respectively. After 7h, the
cumulative drug release rates of the blank control group, the
handheld ultrasound group, the water bath ultrasound group,
and the cell crushing apparatus group were calculated to 19.4%,
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SD rats were tested for (A) sciatic nerve function index and (B) inclined plate experimental parameters after treatment at different times.
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28.4%, 27.8%, and 40.7%, respectively. Moreover, the step-like
release curve appears during the ultrasound stimulation process,
indicating that the Lidocaine@PLGA microcapsules had good
these three
considering the facile
manipulation, simple daily application, and ultrasound-responsive

ultrasonic  stimulation response according to

ultrasound  instruments. However,
effects, we selected the feasible handheld ultrasound form Shenyang
Tiantai Telemedicine Technology Development Co., Ltd. for the
following ultrasound-responsive experiments, indicating that this
kind of novel handheld ultrasonic instrument could have a broader
application prospect in the clinic.

To verify whether the Lidocaine@PLGA microcapsules were
responsive to handheld ultrasound when applied in vivo with skin
barrier, we simulated a skin barrier by covering the surface of the
handheld ultrasonic probe with a fresh pig skin. The results in
Figure 5D showed that after the cumulative release of drugs in the
pigskin ultrasound group after 7 h, the direct ultrasound group and
the blank control group showed values of 25.1%, 29.3%, and 21.9%,
respectively, which confirmed the simulated skin barrier conditions
Lidocaine@PLGA microcapsules could be responsive to handheld
ultrasound. To further increase the duration time of ultrasound on
the drug release of Lidocaine@PLGA microcapsules, we covered the
surface of the ultrasound probe with a layer of fresh pig skin and
performed continuous ultrasound at the corresponding time points
for 2 min, 6 min, and 10 min, respectively. The results in Figure 5E
showed that the longer the period that the ultrasound time could
cause the more obvious the stimulation response of the Lidocaine@
PLGA microcapsules. Because long ultrasound times can damage
the surrounding tissues and it was difficult to ensure a sufficiently
long ultrasound time for a single treatment during clinical
application, we selected 6 min as the optimal ultrasound duration
time. Finally, we studied the long-term effects of handheld
ultrasonography on Lidocaine@PLGA microcapsules under
simulated skin barrier conditions, and the results showed that the
ultrasound group and the control group had a burst release period in
the first 20 h, with a cumulative release rate of 43.6% and 32.3%,
respectively. Then these two curves gradually entered a slow-release
period with gentle cumulative release behaviors. Figure 5F showed
that cumulative release curve of ultrasound group at day 9 tended to
flat with a high cumulative release rate of 86.2%, while the control
group lasted until 11 days with a cumulative release rate of 72.4%.
These in vitro experiments verified that Lidocaine@PLGA
microcapsules with intermittent handheld ultrasound of 6 min
simulated still
performing the ultrasound-responsive drug release, which could

under skin conditions were efficient for
meet the dual needs of clinical long-term sustained release and/or

temporary “on-off” control release.

Cell viability and proliferation

Cytotoxicity was tested for the viability of different
concentrations of Lidocaine@PLGA microcapsules co-incubated
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with L-929 cells for 24 h. Compared with the control group, the
cell viability of the blank microcapsule group and the Lidocaine@
PLGA microcapsules group reached 90.6% and 84.1% at the
concentration of 67 ug/ml, respectively; at the concentration of
50 pg/ml, the cell viability of the blank microcapsule group and
Lidocaine@PLGA microcapsules was 92.6% and 85.4% respectively,
the had good
biocompatibility, safety, and non-toxicity in solution. As the
increased, the «cell viability of the blank
group and that of the Lidocaine@PLGA
microcapsule group were gradually decreased to 81.1% and

indicating  that drug-loaded  microspheres
concentration
microcapsule

77.7%, respectively, at a concentration of 200 ug/ml. However,
further increase of the concentration into 1000 pg/ml, the cell
viability could still maintain the 75.8% and 76.9%, respectively, as
shown in Figure 6. The drug-loaded microcapsule group had similar
biocompatibility to the blank microcapsule group, which not only
suggested that the drug had good stability in the microcapsule but
also demonstrated that a drug-loaded microcapsule with good
biocompatibility can be expected for the treatment of sciatica,
even in areas that require higher drug concentrations.

Therapeutic effect of animal models

Each rat in the Lidocaine@PLGA group and Lidocaine@PLGA/
ultrasound group was percutaneously injected into the sciatic nerve
with 0.2 ml aqueous solution (equivalent to 1% lidocaine 6 mg), and
the sciatic nerve function index measurement and oblique plate
experiment were measured after injection for 1, 3, and 7 h, wherein
Lidocaine@PLGA/ultrasound group was exposed to a 6 min of
ultrasound intervention before each measurement. As shown in
Figure 7, the sham group underwent measurements of sciatic nerve
index and inclined plate experiments at the same time point. The
results showed that at 1 or 3 h after the injection of Lidocaine@
PLGA microcapsule, the sciatic nerve function index and inclined
plate angle of rats after ultrasound intervention were significantly
better than those of rats without ultrasound intervention, and the
sciatic nerve function index and oblique plate angle of rats in the
non-ultrasound intervention group were close to those in the
ultrasound intervention group at 7 h. This may be because the
earlier ultrasound had made a lot of lidocaine release from the
microcapsules, and thus, the released drug concentration was not
enough in the sciatic nerve in the late stage compared to that of the
sustainable slow release of Lidocaine@PLGA microcapsule. In this
case, the total drug concentration remained roughly the same after
7 h between these two groups. In other words, in the ultrasound
intervention group, some of the remaining microcapsules
underwent ultrasound intervention at 1 and 3 h, and the drug in
the microcapsules within the 7 h may have been lower than that of
the non-ultrasound intervention group. Likewise, the amount of
drug release was lower than that of the non-ultrasound intervention
group, producing the ultrasound intervention group and the rat-
inclined plate experiment and sciatic nerve index results of the non-
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ultrasound intervention group. The sciatic nerve index of
Lidocaine@PLGA/ultrasound group rats rose
from —42 to —10.17 at 1 h and from 29.5 to 42.2 in the inclined
plate experiment within 7 h after administration. In the Lidocaine@
PLGA  group, the
from -77 to —13.4 within 7h and the slanted plate experiment
rose from 25.8 to 40.9. As for the sham group, the sciatic nerve index
increased from -16 to —-8.8 and the angle of the inclined plate
increased from 32.9 to 43.9. It was noted that the rats in the sham
group also showed sciatic nerve damage, which may be because in

sciatic  nerve  index  increased

the early stage of the experiment, the rats did not adapt to the test
environment and could not walk according to the usual gait, and
some rats even appeared to jump and walk, thus resulting in
incomplete footprints and errors in data collection.

Conclusion

We developed an ultrasound-responsive Lidocaine@PLGA
microcapsule by using a premixed membrane emulsification
method. After optimization of ultrasound instrument and
duration time, the Lidocaine@PLGA microcapsule can achieve a
stimulus response even under simulated skin conditions. In
addition, the in vivo results also showed that the Lidocaine@
PLGA microcapsules could perform rapid ultrasound-responsive
drug release and relieve the sciatica nerve pain under the rat model
of sciatica. Importantly, the ultrasound-responsive drug release not
only provided more chances for the rapidly increasing local drug
concentration under ultrasonic conditions but also ensured long-
term sustained release without outside intervention, demonstrating a
true on-demand administration of drugs, which made up for the
short-term control of the release rate of the sustained-release
microcapsules in clinical applications. Using ultrasound as the
trigger switch of the Lidocaine@PLGA microcapsule, the drug
release of microcapsule can be feasibly adjusted, and the
individualized diagnosis and treatment plan can be adopted
according to the specific situation in clinical application.
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In the last decade, injectable hydrogels have attracted a lot of attention due to their
excellent functional properties in the field of drug delivery for precise, non-invasive and
focused tissue locations. Therefore, designing drug delivery systems (DDS) responsive
to hydrogel stimuli to release a drug to an external stimulus with various advantages,
can be very challenging. Due to their biocompatibility, mucosal adhesion, and
hemostatic activity, chitosan (Chitosan)-based hydrogels offer a lot of potential for
tissue engineering and drug delivery. It can be difficult to manage the structure of these
stimuli-responsive CS hydrogels or they may require additional crosslinking agents,
such as hydrogels with dual pH and thermo-responsiveness. Therefore, it is crucial to
create these hydrogels for medicinal applications.

KEYWORDS

injectable, hydrogels, chitosan, stimuli-responsive, pH

1 Introduction

Potential delivery methods for controlled release of bioactive substances include injectable
polymer hydrogels. Numerous stimuli, including pH, temperature, light, enzymes, and
magnetic fields, can cause these polymers’ sol-to-gel transitions in aqueous solutions to
change. At room temperature, the low-viscous polymer solution may be conveniently
combined with therapeutic agents, such as chemotherapeutics, protein medicines, or cells.
Through the use of a syringe or catheter, therapeutic agent-containing solutions may be easily
injected into the desired locations (Thambi et al., 2016).

Researchers have focused on developing the optimum drug delivery system (DDS) that can
adapt to various physiological needs, such as liposomes, microspheres, nanoparticles, polymeric
micelles, and hydrogels. The most prevalent form of responsive nano-system for cancer
medication delivery is one that responds to pH variations, owing to the fact that tumors
have extracellular pH values that are lower than those of healthy tissues and the circulation
(pH = 7.4) (Andrade et al,, 2021). More crucially, injectable hydrogels with mucoadhesive
qualities may be tailored to a particular region because they attach to a specific spot in the
mucosa. This prevents medication diffusion, which may significantly increase treatment
efficacy and lessen adverse effects (Liang et al., 2019).

Chitosan (CS) is a polysaccharide identified as suitable for drug/gene delivery depots
(Andrade et al,, 2021). Due to its advantageous characteristics, including non-toxicity and
biodegradability, it has been widely formed into various hydrogels for the administration of
ophthalmic drugs. It is the second most prevalent natural polysaccharide after cellulose. (Lin
et al,, 2019). CS is generally prepared by partial deacetylation of chitin, which is found in the
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Schematic representation of the synthesis process of Si-HPMC incorporated CS/HA injectable hydrogel. The regeneration rate of the CS/HA/Si-HPMC
(3%) was almost 79.5% at 21days for long retention periods, demonstrating relatively good in vivo bone regeneration (Hu et al,, 2021) (Open access).

exoskeletons of arthropods, such as crabs, shrimps, and lobsters. It has
been researched in mucoadhesive delivery because its cationic
character shows mucoadhesive qualities. CS hydrogels are formed
by connecting hydrophilic polymer chains. Injectable CS hydrogels
have lately been used to transport medications as well as produce bone,
cartilage, and nerve tissue (Thambi et al.,, 2016).

2 Cartilage healing

An injectable carboxymethyl chitosan-oxidized chondroitin sulfate
hydrogel (CMC-OCS) hydrogel containing microspheres (MPs) was
made using the Schiff base crosslinking procedure. The kartogenin
(KGN) loaded poly (lactide-co-glycolic acid) MPs (MPs/KGN) were
made using the PME method. In vitro, the obtained CMC-OCS/MPs/
KGN showed slower weight loss and a shorter gelation time than control
hydrogels. The hydrogel/MPs” compressive elastic modulus was greatly
enhanced, which is good for cartilage healing. While waiting, the PLGA
MPs/KGN might release KGN in regulated bursts in response to
ultrasound. In vitro rabbit bone marrow mesenchymal stem cells
(rBMMSCs) sown in the scaffolds demonstrated noticeably enhanced
vitality throughout a 7-10-day culture (Yuan et al., 2021).

A novel injectable hydrogel composite made of water-soluble CS/
HA and silanized hydroxypropyl methylcellulose (Si-HPMC) was
created for cartilage tissue creation (Figure 1). Si-HPMC was
uniformly distributed all across CS/HA hydrogel system and had
good impact on the mechanical properties by stabilizing the hydrogel
network, and lowering weight loss at the expense of quickening the
gelation process and enhancing the swelling ratio. The addition of
SiHPMC (3.0%) in the CS/HA hydrogel had an effect on the surface
characteristics and pore size of the composite scaffolds. The
physicochemical characteristics of the hydrogel network, including
its shape, surface properties, swelling rate, degradation behavior, and
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mechanical, rheological, and compressive capabilities, may be
controlled by varying the weight ratio and concentration of the CS/
HA hydrogel and Si-HPMC. Additionally, 1929 cells were active and
successfully multiplied on the CS/HA/Si-HPMC hydrogel throughout
the in vitro cell culture period. One of the vital components of cartilage,
HA, may be the result of this biocompatibility. In fact, when seeded in
the composite CS/HA/SiHPMC hydrogels, the in vitro chondrocyte
survival up to 21days of culture is much higher. These results
demonstrate that the CS/HA/Si-HPMC hydrogels, especially the one
containing 3% (w/v) Si-HPMC, exhibited the best overall properties for
use in bone regeneration. When coupled with chondrocytes in
subcutaneous or nude mice, CS/HA/Si-HPMC hydrogels have been
shown to be useful for cartilage tissue engineering. As a result, the
injectable CS/HA hydrogel loaded with Si-HPMC is a promising tissue
engineering approach with a lot of clinical cartilage tissue healing
potential (Hu et al., 2021).

3 Injectable hydrogels for dental pulp
stem cells

According to Samiei et al., the hydrogels that incorporate more gelatin
have a somewhat looser network than the others. The hydrogel with less
gelatin has a slightly higher value of G', which denotes more elasticity as a
result of more CS amine groups being crosslinked through a covalent
connection with genipin. Since there were very few dead cells in any of the
hydrogels, this demonstrated the remarkable biocompatibility of the made
hydrogels for human dental pulp stem cells (hDPSCs). After 21 days,
hDPSC:s cultivated on produced hydrogels showed a considerable increase
in calcium deposition, as shown by the quantitative findings of alizarin red
staining. Furthermore, the greatest Alkaline phosphatase (ALP) activity
was shown by hDPSCs cultivated on hydrogel that included more gelatin.
After 21 days, the hydrogel with more gelatin expressed late osteogenic
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genes such OCN and BMP-2 6 and 4 times, respectively, more than the
control group. The Poly (N-isopropylacrylamide) (PNIPAAm-g-CS)
copolymer/gelatin hybrid hydrogel that was created had excellent
properties and produced the osteogenic differentiation required for
dental tissue engineering (Samiei et al., 2022).

4 Drug delivery system

Focusing on the positive benefits of Fmoc-FF self-assembly and its
electrostatic interaction with glycol chitosan (GCS), a straightforward
method for producing injectable self-healing hydrogels for Doxorubicin
(DOX) administration has been reported. The final product, a hydrogel-
based technology, showed a novel Ph-responsive DOX release, with
the drug release mechanism being improved in moderately acidic
environments. This finding may pave the way for controlled drug
release in a typical, moderately acidic tumor microenvironment.
The new hydrogel was undoubtedly a successful method for the
controlled release of DOX, given the slow rate of release of DOX
under physiologically normal settings. Notably, the DOX-loaded
hydrogel was efficiently cytotoxic to the human tumor cell line
A549 in a test tube (Shim et al.,, 2021).

Physical mixing of CS with Pluronic-F127 (PF) produced the
hydrogels. Tripolyphosphate (TPP) was further utilized as a
crosslinking agent. In comparison to pluronic gel alone, the gel
duration was lengthened by the addition of CS. The morphology of
the hydrogels generated was altered by the addition of TPP to the
substance. To test whether hydrogels were harmful to human
chondrocytes, MTS and Live/Dead” assays were conducted.
Dexamethasone (DMT) was released in vitro from the CS-PF and
CS-PF-TPP gels over a longer period of time than the PF hydrogel.
Studies conducted in vivo revealed that hydrogels kept the fluorescent
component in the joint longer than when it was given in Phosphate-
buffered saline (PBS) alone. These findings imply that the DMT-loaded
CS-PF and CS-PE-TPP hydrogels may provide an effective drug delivery
system for the osteoarthritis treatment (Garcia-Couce et al., 2022).

According to the contact angle measurement, the chemically
altered chitosan exhibits a less hydrophilic character than pure
chitosan, which results in poor
environment. The hydrogel is made from graft copolymer, and

swelling in an aqueous
because of the hydrogel’s porous network-like structure, the drug
molecules are shielded from their hostile environment. In comparison
to pure chitosan, the graft copolymer has the ability to deliver the
medicine in a sustained way, according to an in vitro drug release
study. Graft copolymer is discovered to have a significantly higher rate
of cellular absorption than pure medication, making it a more effective
delivery method. The possibility of using the graft copolymers as an
injectable hydrogel has been suggested by an in vivo gelation
investigation in a rat model (Mahanta and Maiti, 2019).

5 Bone tissue engineering

To overcome the limitations of CS/B-Glycerophosphate (GP)
hydrogel, a thermosensitive, injectable halloysite nanotubes
(mHNTSs)/CS/GP NC hydrogel was developed. The objective was to
develop an injectable nanocomposite (NC) CS hydrogel containing
modified mHNTs. This research enhances the mechanical robustness
of the resultant scaffold mHNTs as well as the proliferation of human
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adipose tissue-derived stem cells (hASCs) within it. Overall, the results
for bone differentiation showed that IC/mHNTSs improved the
mechanical strength of CS hydrogel and enhanced the difference of
encapsulated hASCs into bone tissue because of their stiffness, tubular
structure, and ability to dynamically deliver IC as an osteogenic
inducer agent (Kazemi-Aghdam et al., 2021).

For tissue engineering applications, the optimal chitosan/oxidized-
modified quince seed gum/curcumin-loaded (CS/OX-QSG) hydrogel
(ratio of 25:75) with varied curcumin-loaded in halloysite nanotubes
(CUR-HNT) levels was effectively synthesized. The hydrogel with the
highest OX-QSG concentration (CS/OX-QSG 25:75) exhibited a spongy
structure with bigger and smaller holes as well as a high crosslinking
density. Because of their good mechanical and anti-bacterial capabilities,
the results demonstrated that CS/OX-QSG hydrogels with a 25:75 ratio
and 30% CUR-HNTSs may provide a viable scaffold for tissue engineering
applications (Yavari Maroufi and Ghorbani, 2021).

Using the enzymatic crosslinking process of horseradish
peroxidase, Jung et al. created in situ forming CS/poly (ethylene
glycol) (PEG) hydrogels with better mechanical characteristics. By
altering the quantity (0%-100%), molecular weight (4, 10 and 20 kDa),
and of the PEG derivatives, the impact of PEG on the physico-
chemical characteristics of hybrid hydrogels was extensively
clarified. The
commercially available fibrin glue, showed outstanding hemostatic

resultant hydrogels, which are equivalent to
activity and are extremely biocompatible in vivo (Jung et al., 2021).

Kaur et al. have created injectable hydrogels that are mechanically
strong and have enhanced osteogenic properties. The sol-gel transition
occurs at 37 C, which is the physiological temperature, and all of the
hydrogels have been found to be thermos-responsive. Due to the hydrogel
components’ positively and negatively charged groups, which attract
Ca2+ and PO43 to form hydroxyapatite (Hap) on the surface, all of
the hydrogels were demonstrated to be bioactive after only 1 day of
incubation in simulated body fluid (SBF). Incorporating carboxylated
single wall carbon nanotubes (COOH-SWCNTs) with CS and collagen
(Coll) by the application of -GP increased cross-linking, created the
greatest possible thermos-responsive and injectability characteristics, and
significantly enhanced mechanical properties. Additionally, the hydrogels
with  COOH-SWCNTSs incorporated  significantly
proliferation and support osteogenic differentiation as compared to
pure CS/Coll (Kaur et al., 2021).

Taymouri et al. successfully developed a chitosan/Silk fibroin (CS2/
loaded
polycaprolactone nanoparticles (DIP-PCLNPs) as a novel and non-

increase cell

SF0.5) thermosensitive hydrogel containing dipyridamole

invasive local drug delivery approach for bone tissue engineering.
DIPPCL NPs
evaporation method, and the formulation factors were optimized using

were produced using the solvent-emulsification
an irregular factorial design. The optimal conditions for producing DIP-
PCL NPs were 7 mg DIP, 1.5% PVA, a W/O volume ratio of 4, and a 4-min
sonication period. This perfect formulation was put into the CS2/
SF0.5 thermosensitive hydrogel. Since the results demonstrated that the
amount of the inserted SF altered the network structure of the CS hydrogel,
the gel scaffolds containing 0.5% SF had a shorter gelation time and stronger
compressive strength when compared to other composite hydrogels. In an
in vitro cell culture examination, the DIP-PCL NPs- CS2/SF0.5 hydrogel
shown the greatest capacity to encourage the proliferation and activity of
MG-63 cells, as demonstrated by a significant increase in cell viability, ALP
activity, and calcium deposition (Taymouri et al,, 2021).

In order to increase cardiac tissue’s functioning, cardiac tissue
engineering supports, replaces, or repairs it. Application of the
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Illustration of the therapeutic mechanism of the hydrogel in inhibition of multiple cancer growth (A) Lung cancer with brain cancer (B) Lung cancer with

liver cancer (Wang et al., 2021).

polysaccharides—of which chitosan is a key component—addresses
the main problem with the vitality of the implanted cells. Chitosan aids
in the provision of mechanical support, prevents the spread of pro-
inflammatory chemicals, and encloses bioactive elements beneficial for
the regeneration of heart tissue. Chitosan’s positive charge and
hydrophilicity, among other properties, enable the development of
a soft tissue milieu, particularly when combined with biomolecules.
Scaffolds made of chitosan support stem cell proliferation and
differentiation by providing mechanical strength (Patel et al., 2021).

6 Anti-cancer

Injectable polysaccharide hydrogels that are biocompatible and self-
healing have been produced by the first-ever chemical crosslinking of
multialdehyde guar gum (MAGG) with numerous aldehyde groups and
N, O-carboxymethyl chitosan (N, O-CMCS) via pH-sensitive,
biodegradable, and dynamic Schiff base connections. These hydrogels
were ideal for injectable drug administration because of their
exceptional viscoelastic, thixotropic, and self-healing properties. After
Dox loading for 5 days, these hydrogels demonstrated a pH-responsive
release, with a higher release at tumoral pH than at physiological pH.
MTT and hemolytic assays demonstrated the non-toxicity of these
hydrogels. The Dox-loaded hydrogel significantly reduced MCF-7 cell
viability, with 72% of the cells dying (Pandit et al., 2021).

To generate DOX@CSSH/HNTs-SH Gel, thiol group-modified
halloysite nanotubes (HNTs) were first loaded with DOX before being
added to the gel precursor. This gel loaded and gradually released water-
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soluble DOX to lessen the cytotoxicity of thiolated chitosan (CSSH) Gel
while also enhancing its mechanical characteristics. The results showed
that the HNTs-SH could be evenly distributed throughout the gel matrix
to boost the gel’s compressive strength and that the gel was pH sensitive to
release DOX quickly in the tumor’s acidic microenvironment, where
MCEF-7 cells could take it up and effectively inhibit MCEF-7 cell growth.
According to in vivo tumor resection and recurrence inhibition
experiments, the gel may stop lung metastasis, lessen tumor
recurrence, improve survival rates, and mend surgically injured tissues.
The in-situ injectable DOX@CSSH/HNTs-SH Gel may be developed as a
novel drug delivery system to inhibit tumor recurrence and heal surgical
wound tissues after tumor removal (Li et al., 2021).

Wang et al. created a CS/CuNPs/black phosphate nanosheets
(BPNSs) solution that is sustained-release, tumor microenvironment
(TME) sensitive, and has superior photothermal and redox potential in
the acidic TME (Figure 2). Under body temperature, this solution
transforms into a biodegradable, spongy hydrogel. After surgery, the
hydrogel condition within the body would significantly aid hemostasis
and trap any remaining cancer cells in the blood. CuNPs would then
take over the tumoricidal role by producing a sequence of redox
reactions that would result in the formation of ROS, which could
then kill any remaining cancer cells and stop the recurrence of an
orthotopic tumor in order to simultaneously accomplish local antisepsis.
The release of additional antigens, which significantly stimulates the
systemic immune response, follows the cell death caused by the first
chemo-dynamic treatment (CDT) action on the first primary tumor site
throughout the therapeutic phase. The use of a PD-L1 enhances this
response by protecting cytotoxic T lymphocyte (CTL) function. As a
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TABLE 1 An overview for clinical trials of chitosan and derivatives.

Conditions/Diseases

ClinicalTrials.gov identifier

10.3389/fbice.2022.1126774

Status References

NCT01278784 Dry Eye Syndromes Phase 1, September 2011 https://clinicaltrials.gov/ct2/show/NCT01278784
NCT02323451 Osteoarthritis, Knee Phase 4, April 2017 https://clinicaltrials.gov/ct2/show/NCT02323451
NCT02668055 Wounds Phase 1, December 2015 https://clinicaltrials.gov/ct2/show/NCT02668055
NCT00454831 Hypercholesterolemia Phase 2, September 2007 https://clinicaltrials.gov/ct2/show/NCT00454831
NCT0300765 Gynecologic Disease Phase 3, August 2017 https://clinicaltrials.gov/ct2/show/NCT03007654
NCT01597817 Atopic Dermatitis Phase 2, December,2012 https://clinicaltrials.gov/ct2/show/NCT01597817
NCT00521937 Diabetes Foot Ulcer Phase 3, December,2010 https://clinicaltrials.gov/ct2/show/NCT00521937
NCT03202446 Breast Cancer Stage IIIA, IIIB and IV Phase 3, January 2018 https://clinicaltrials.gov/ct2/show/NCT03202446
NCT03188289 Wisdom Teeth Phase 4, September 2014 https://clinicaltrials.gov/ct2/show/NCT03188289

Oral Surgery

result, the activated CTLs and CDT impact of CuNPs might give
synergistic treatment to the ectopic primary HCC tumor. The
presence of BPNSs allowed biodegradable hydrogel fragments
to pass the blood tumor barrier during NIR laser irradiation,
resulting in the killing of brain cancer cells due to the CDT
effect (Wang et al., 2021).

In order to create pH-degradable hydrogels, Gao et al. crosslinked
carboxymethyl chitosan (CMCS) with an acid-labile ortho ester
compound (OEDe). CMCS was subsequently cross-linked with a
mixed cross-linker comprising OEDe and ethylene glycol diglycidyl
ether (EGDE) at three different molar ratios in order to further adjust
the pH-sensitivity and mechanical qualities. Then, hydrogels were
wrapped around DOX-loaded gelatin nanoparticles with an average
diameter of 50 nm to create a hybrid system that could be inserted into
a tumor location in any shape for local chemotherapy. Intravenous
injections of free DOX and DOX-loaded nanoparticles were tested for
their ability to prevent tumor growth in mice harboring murine
hepatoma tumors. The outcomes demonstrated that the cross-
linked CMCS hydrogels could greatly extend the DOX release
period as well as improve medication absorption into the tumor
site. The hybrid hydrogels with the most pronounced anticancer
activity were those with released DOX-loaded nanoparticles
they
permeation of DOX in tumor site. Therefore, the local therapy

because could further enhance the retention and
of solid tumors with pH-degradable hydrogels has significant
potential (Gao et al., 2019).

Here in Table 1, we summarize clinical trials of chitosan.

7 Discussion

Injectable hydrogels use their carrier capability and processing
flexibility as an in-situ gelling regime. Although a sol-gel transition
under moderate circumstances and well-controlled kinetics is required
to provide a medical injection, the administration would also have
minimal invasion and enable for filling irregularly shaped gaps.
However, there are still a few fundamental issues to be concerned
about to fully utilize injectable hydrogels in the biomedical area, aside
from focusing on developing novel characteristics and sophisticated
First, while “new” materials for

functionalities. designating
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prospective clinical trials, it is important to consider the greater
risk involved. The second topic is how a hydrogel’s properties
could be impacted by the production process. Injectable gels must
go through a sol-gel transition close to or at the desired insertion
location, unlike in situ forming gels and 3D printing. As a result, the
gelation shouldn’t be too slow if the pregel isn’t excessively viscous.
Controlling the dosing of a hydrogel formulation could be challenging.
Finding a solution with the right viscosity for injection, the necessary
gelation kinetics, and the reliable mechanical characteristics of the
harvested gel might not always be possible. The mechanical
characteristics of the injected hydrogels are often poorer than those
of the in situ generated ones, specifically for hydrogels with higher
modulus or strength. Even though some clever approaches, such as the
recently developed conjoined-network strategy, have been established
for making high-performance hydrogels, a multistep synthesis
procedure may reject the attempt to harvest such hydrogels by
injection processing. However, given our focus on clinical users, we
may anticipate more advancements in the creation of injectable
hydrogels with improved and possibly “smart” features.
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Graphene-based nanomaterials for
stimuli-sensitive controlled
delivery of therapeutic molecules
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and Biomaterials and Tissue Engineering Department, Breast Cancer Research Center, Motamed Cancer
Institute, IUST, ACECR, Tehran, Iran, 2State Key Laboratory of Structure Analysis for Industrial Equipment,
Department of Engineering Mechanics, Dalian University of Technology, Dalian, China

Stimuli-responsive drug delivery has attracted tremendous attention in the past
decades. It provides a spatial- and temporal-controlled release in response to
different triggers, thus enabling highly efficient drug delivery and minimizing drug
side effects. Graphene-based nanomaterials have been broadly explored, and they
show great potential in smart drug delivery due to their stimuli-responsive behavior
and high loading capacity for an extended range of drug molecules. These
characteristics are a result of high surface area, mechanical stability and chemical
stability, and excellent optical, electrical, and thermal properties. Their great and
infinite functionalization potential also allows them to be integrated into several
types of polymers, macromolecules, or other nanoparticles, leading to the
fabrication of novel nanocarriers with enhanced biocompatibility and trigger-
sensitive properties. Thus, numerous studies have been dedicated to graphene
modification and functionalization. In the current review, we introduce graphene
derivatives and different graphene-based nanomaterials utilized in drug delivery and
discuss the most important advances in their functionalization and modification.
Also, their potential and progress in an intelligent drug release in response to different
types of stimuli either endogenous (pH, redox conditions, and reactive oxygen
species (ROS)) or exogenous (temperature, near-infrared (NIR) radiation, and
electric field) will be debated.

KEYWORDS

graphene, nanomaterials, stimuli-sensitive, smart drug delivery, endogenous, exogenous

Introduction

Conventional drug delivery methods usually lead to unwanted side effects due to high drug
concentrations inserted into the body. Advances in pharmaceutics and material science have led
to the invention of controllable drug delivery systems that can minimize toxicity and decrease
therapeutic costs. They can load and selectively release a controlled dosage of drug molecules in
a specific targeted site, improving the efficiency of therapeutic agents (Bawa et al., 2009; Mura
et al,, 2013; Chen et al., 2016). However, they only provide a constant release rate and are not
adaptable to physiological body conditions (Kost and Langer, 2012). More recently, stimuli-
responsive drug delivery systems, being capable of recognizing and reacting to their
microenvironment, have provided on-demand drug delivery (Mura et al.,, 2013). In stimuli-
responsive drug delivery systems, a trigger is employed to selectively separate drug molecules
from their carrier, thus mimicking the in vivo pulsatile release of several types of physiological
chemicals, such as hormones, like estrogen and insulin (Murdan, 2003; Raza et al., 2019). The
trigger can either be an internal biological inducing factor, resulting from a specific pathological
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change that is known as an endogenous stimulus, or a physical
external factor inserted from outside of the body that is called an
exogenous stimulus (Raza et al.,, 2019). An endogenous stimulus can
be pH, redox conditions, or reactive oxygen species (ROS) (Figure 1).
Exogenous stimuli include NIR radiation, temperature, and an electric
field (Xie et al., 2022).

Nanotechnology plays a crucial role in such smart drug delivery by
enabling the synthesis of ideal drug carriers (Chamundeeswari et al.,
2019). The exceptional physicochemical properties of nanocarriers
allow them to carry high loadings of drugs and deliver them to the
targeted tissue with high efficiency (Hossen et al., 2019). Stimuli-
responsive nanocarriers are nanomaterial-based compounds than can
be designed specifically to release their therapeutic loading upon a
particular biochemical, chemical, or physical stimulus (Kamaly et al.,
2016). An ideal nanosystem must inherently contain specific targeting
functional groups, trigger an explicit biological response, and be
detectable. Carbon nanostructures such as graphene and carbon
nanotubes (CNTs), due to having rich functionalization potential,
can coordinate the fabrication of interesting nanovectors for the
targeted delivery of drugs. Graphene with a biocompatible coating
and small size appears to not be obviously toxic to animals in a
reasonable dose range, as revealed by a number of different studies
(Mendes et al., 2013).

Graphene-based nanomaterials for drug
delivery

Graphene is a two-dimensional (2D) carbon allotrope with a
hexagonal honeycomb crystal structure (Yu et al., 2020; Patil et al.,
2021). Each carbon atom in a graphene monolayer builds a strong
sigma (o) bond with three adjacent carbon atoms. This covalent bond
has a short length of ~1.42 A that gives graphene an exceptionally
strong structure. On the other hand, the presence of free 1 electrons
provides an interlayer binding through weak van der Waals
interactions that lead to graphene’s flexibility. Free m electrons can
also act as reactive sites that enable graphene to undergo unique
surface reactions (Goenka et al., 2014; Yang et al., 2018). Emerging
trends show that graphene-based nanomaterials develop unique
properties and can be employed for biomedical applications,
particularly in drug delivery and tissue engineering (Goenka et al.,
2014). Graphene has been recognized as an efficient carrier for an
extended range of drug molecules due to its mechanical and chemical
stability, the high surface area of its planar structure, great loading
potential, and excellent optical, electrical, and thermal properties.
Additionally, it has the ability to react to several stimuli such as
electric and magnetic fields, pH, temperature, and sound which makes
it an ideal candidate for stimuli-responsive drug delivery (Sun et al,,
2008; Liu et al., 2011; Bai and Husseini, 2019; Patil et al., 2021).
Graphene usage in drug delivery applications was, for the first time,
reported by the Dai research group in 2008. They utilized graphene as
an effective drug carrier for cancer therapy, which opened the path for
its extensive research later on, as a promising material in drug delivery
(Song et al.,, 2020). However, there are still some challenges associated
with graphene’s drug loading and release. For example, graphene
shows cytotoxicity in biological solutions due to its aggregation. On
the other hand, as a strong yet flexible carbon backbone, graphene
shows fundamentally unlimited potential for its modification or
(Zhu et al, 2010). modification

functionalization Biological
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promotes graphene by enhancing its solubility, selectivity, stability,
and biocompatibility (Wang et al.,, 2011). This will be explained in
detail in the modification sector.

Graphene oxide (GO)

Graphene oxide (GO) is a graphene derivative with a 2D atomic
layer, composed of sp2 carbon and sp3 carbon together with
oxygen functionalities such as epoxide, hydroxyl, and carboxylic
groups. The hexagonal carbon structures and these functional
groups lead to versatile surface chemistry and make it possible
to form covalent and non-covalent bonds. Rich surface chemistry
makes GO more popular than pristine graphene in biomedical
applications such as drug delivery. Furthermore, in comparison
with graphene, which is insoluble in biological solutions and tends
to agglomerate, GO has excellent water solubility (Yang et al., 2015;
Kim et al., 2016). Free m electrons in unmodified areas of GO
provide hydrophobic regions which are suitable for loading
hydrophobic drugs through van der Waals forces (Ghawanmeh
et al., 2019). For example, when added to hydrogels, GO’s physical
crosslinking enhances the loading capacity of hydrophobic drugs
and also improves the stimuli-responsive properties (Chen et al.,
2018; Olate-Moya and Palza, 2022).

Graphene quantum dots (GQDs)

GQDs, as a new generation of carbon-based nanomaterials, have
recently displayed great potential in nanomedicine and drug delivery.
GQDs have typical dimensions of up to a few nanometers and circular
or elliptical shapes (Henna and Pramod, 2020). The active groups
present on the GQD surface, similar to graphene and GO, enable them
to be conjugated to other molecules, hence making them ideal
nanocarriers to simultaneously track and treat the diseased cells.
Research studies show that GQD can efficiently prompt the nuclear
accumulation of drugs, such as cisplatin and doxorubicin (DOX)
(Yang et al, 2015). Additionally, their small size and good
biocompatibility serve as favorable properties required for being
drug delivery carriers (Zheng et al, 2015). GQDs have also
demonstrated therapeutic effects in several diseases like Parkinson’s
disease, Alzheimer’s disease, and diabetes in addition to being
antibacterial. They also provide drug delivery
blood-brain barrier (Henna and Pramod, 2020).

across the

Graphene derivative modification for drug
delivery

Numerous studies have been dedicated to graphene modification
and functionalization. Graphene and its derivatives can be modified by
both covalent functionalization and non-covalent functionalization.
GO and rGO, due to having oxygen groups and highly active defects,
are more popular than pristine graphene for their modification goals
(Zhang et al., 2017). Novel nanohybrids have been developed by
conjugating graphene derivatives to different types of materials
such as biomacromolecules, polymers, and other nanoparticles to
produce unique graphene-based nanocarriers for biocompatible and
more effective drug delivery (Wang et al., 2017).
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Modification with polymers

The functionalization of graphene derivatives by suitable polymers
enhances graphene’s biocompatibility, solubility, stability, and in vivo
circulation times. Polyethylene glycol (PEG) is the most extensively
researched biocompatible polymer for graphene modification. Its
by the reticuloendothelial
functionalization on graphene sheets leads to high aqueous
solubility and physiological stability, as well as reduced toxicity
(Charmi et al., 2019; Sattari et al., 2021). For instance, Charmi
et al. (2019) PEGylated GO using the EDC/NHS catalyst via
esterification bonding, and the fabricated nanohybrid provided a

uptake system is low, and its

4.5% loading of curcumin, which is an anticancer drug. The
nanocarrier’s ability to pursue pH-responsive delivery was also
indicated both in vitro and in vivo. The phagocytic activity was
delayed in blood circulation due to the surface charges, so
biocompatibility was confirmed (Charmi et al., 2019). Hyaluronic
acid (HA), which is a linear hydrophilic macromolecular polymer, also
has been used to modify graphene nanocarriers by several researchers.
In a study, HA was conjugated to graphene via H-bonding formation
between the epoxy groups in GO and the amine groups of HA. The
resulting HA-GO nanohybrid was used for targeted and pH-
responsive delivery of DOX in certain cancer cells, and it was
demonstrated that HA decoration, similar to PEG, improved the
solubility and physiological stability of GO, as well as its loading
capacity for DOX. Moreover, HA functions as an active targeting
moiety to recognize the transmembrane glycoprotein CD44 receptor,
which is overexpressed on surfaces of various tumor cells (Song et al.,
2014). Furthermore, several research studies have been dedicated to
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the integration of hydrogels onto graphene in order to enhance drug
loading and release. Hydrogels, which are a biocompatible 3D
framework of hydrophilic polymers, have been widely used in
controlled drug release as they swell in water, and their gel
structure changes under different environmental conditions. They
can also preserve drugs from the enzymes and acidic environment in
the stomach (Tao et al., 2012; Sun et al., 2019). Although hydrogels are
suitable carriers for water-soluble drugs such as peptides and proteins,
they cannot load efficient amounts of hydrophilic compounds. By
adding graphene to such materials, efficient loading capacity for
hydrophobic drugs can be provided (Leganés et al, 2020).
Polyethylenimine (PEI), chitosan, dendrimers, and hyper-branched
polymers are other common polymers used as graphene modifiers for
targeted drug delivery (Sattari et al.,, 2021).

Modification with biomacromolecules

Biomacromolecules, such as proteins, DNA, and peptides, have
attracted so much attention in drug delivery because of their rich
functions, biocompatibility, and stability in the body environment. It
has been indicated that the conjugation of such macromolecules to
graphene derivatives can result in efficient nanocarriers for controlled
drug delivery (Wang et al., 2017). For example, Mo et al. (2015)
conjugated graphene with an adenosine-50 triphosphate (ATP)
aptamer and two single-stranded DNA molecules, which were
ATP-responsive. The graphene-DNA crosslinked hybrid inhibited
the ATP-responsive release of DOX from GO nanosheets to cancer
cells effectively. The high loading capacity of DOX and the site-specific
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drug release were achieved (Mo et al., 2015). Sima et al. (2020) also
functionalized GO nanocolloids by non-covalent conjugation of
bovine serum albumin (BSA) protein onto the GO surface to
minimize graphene cytotoxicity and as a carrier for anticancer
drugs (Sima et al., 2020). Recently, Muzi functionalized GO with
hen egg lysozyme (HEL) through a simple non-covalent conjugation
method and used the nanocarrier for the selective targeting of B
lymphocytes in autoimmune diseases. It was suggested that the same
process could be used for other proteins or peptides capable of
targeting certain new B cells (Muzi et al., 2021).

Modification with nanoparticles
In numerous studies, a variety of inorganic nanoparticles have

been incorporated into the derivative surface of graphene, providing
superior drug delivery. Moreover, the optical and magnetic
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characteristics of nanoparticles can be used to enable external
stimuli-responsive drug delivery and bioimaging. The functional
groups and abundant structural defects of GO and rGO offer the
benefit of conjugation to nanoparticles, including silica, Au, Ag, Ni, Pt,
and Fe;O, (Liu et al., 2013).

Mesoporous silica nanoparticles (MSNs), owing to their tunable
porosity, large specific surface area, high loading capacity, good
biocompatibility, and simple conjugation to target ligands for
specific cellular recognition, can develop efficient drug delivery
systems. Being functionalized onto graphene, its dispensability and
cellular uptake would improve, and an enhanced controlled drug
release would be obtained (Manzano and Vallet-Regi, 2020). For
example, Tran et al. developed a GO-MSN system for the delivery
of cisplatin, a chemophotothermal agent, through NIR/pH-responsive
release and fluorescent imaging (Tran et al., 2018). Gold nanoparticles
have also been known as promising nanoparticles for drug delivery
goals, owing to their exceptional biological and physicochemical
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features, attachment capability to biomolecules via the Au-S bond,
photothermal effect, monodispersity, low toxicity, and simple
fabrication process. Zhang et al. (2018) utilized the NIR-responsive
characteristics of both rGO and gold nanorods (AuNRs) to fabricate a
NIR stimuli drug delivery system. The boosted photothermal effect
between rGO and AuNPs led to superior photothermal conversion
efficiency (about 39%); thus, a more rapid drug release was provided.
Moreover, the loading capacity and thermal stability considerably
improved (Zhang et al., 2018). Mo et al. (2015) incorporated AuNPs
onto GO for effective delivery of DOX to HeLa cells for chemotherapy.
AuNPs enabled intracellular Raman imaging as well (Ma et al., 2013).
More recently, AuNPs were decorated on PEGylated GO by Samadian
et al. for pH-sensitive DOX release. GNPs improved the thermal
stability of the nanocarrier, and excellent anticancer performance was
achieved mostly due to their high drug-loading capability (Samadian
et al., 2020). Ag nanoparticles (AgNPs) incorporated in GO can also
enhance the drug loading and release behavior. Rahmani et al. (2022)
fabricated polyvinyl alcohol (PVA)-GO-Ag nanofibers loaded with
curcumin by electrospinning. It was used for wound healing and was
indicated to have a significant inhibitory effect on bacterial growth.
Drug loading and encapsulation efficiency rose to 56% and 86%,
respectively, owing to the presence of AgNPs. Curcumin release
increased in the acidic microenvironment, and also, the growth
and proliferation of cells cultured on nanofibers accelerated
(Rahmani et al., 2022).

Graphene-based nanocarriers for stimuli-
responsive drug delivery

Endogenous stimuli-responsive drug delivery
pH-sensitive drug delivery

Different tissues and cellular parts of the body have distinct
pH levels that can operate as a stimulus in pH-sensitive drug
delivery systems (Zhu and Chen, 2015). In certain abnormal
physiological conditions such as cancer, inflammation, and
infection, substantial variations of pH have been recognized at the
diseased sites. For example, in tumor tissue, glycolysis occurs at high
rates, and lactic acid accumulates due to the rapid proliferation of
tumor cells and nutrient deficiency. This leads to a notable
the (5.5-6.8)

comparison with blood and normal tissues (=7.4), which can act as

pH decrease in tumor microenvironment in
an endogenous stimulus for acid-sensitive drug delivery systems. In
acidic environments, hydrophobic drug molecules like doxorubicin
undergo protonation, and hence, the m-m stacking and hydrophobic
interactions with the graphene surface weaken, which leads to a pH-
responsive release of the drug (Zhu and Chen, 2015; Kamaly et al,,
2016; Yang et al, 2016). In 2008, Yang et al. (2016) loaded
doxorubicin, an anticancer drug, onto GO for the first time. GO
and DOX were mixed in an aqueous solution under mild sonication,
and as a result, a high loading of DOX on GO and a strongly pH-
dependent drug release was achieved. The high drug loading was
attributed to hydrophobic interactions and -7 stacking between GO
and the quinone part of DOX. Furthermore, hydrogen bonding
formed between the -NH, and -OH groups on DOX, and -COOH
and -OH groups on GO sheets. It was shown that this strong bonding
in neutral conditions is responsible for DOX release in acidic and basic
environments (Yang et al., 2008). Kavitha et al. (2013) also loaded GO

with pH-sensitive poly(2-(diethylamino) ethyl methacrylate) (PDEA)
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via covalent bonding and fabricated a nanocarrier for camptothecin
(CPT), a water-insoluble drug, which was attached to GO-PDEA
through by m-m stacking and hydrophobic interactions. The
nanocarrier released the drug in the lower pH of the tumor
environment (pH = 5.5), while no release happened in neutral and
basic conditions (Kavitha et al., 2013). In a more recent study, Boddu
et al. (2022) developed highly tunable pH-responsive rGO-embedded
chitosan beads for the co-delivery of curcumin and 5-fluorouracil and
an effective function against MCF?7 cells; so, it resulted in the intrinsic
anticancer capability (Boddu et al., 2022).

Redox-responsive drug delivery

Disulfide bonds (-S-S-) can play a key role in drug delivery devices
since they are highly sensitive to redox conditions. They rapidly break
inside cells, where the environment is a reducing one due to the high
concentration of glutathione (GSH), while the oxidizing extracellular
environment provides them long-term stability (Bauhuber et al,
2009). More importantly, GSH concentration in cancer cells is at
least four times more than that of normal cells, which causes a bigger
intracellular and extracellular redox gradient, leading to efficient drug
release in tumor cells (Wang et al., 2016). Research studies have shown
that redox-sensitive surface modification of GO with the help of
disulfide bonds would enable controllable drug release in a
reducing environment (Yang et al., 2016). For example, Kim et al.
(2018) conjugated graphene oxide nanoparticles (GONPs) with
methoxy poly(ethylene glycol) (MePEG) to fabricate a redox-
responsive drug delivery system. They used it to release chlorin e6
(Ce6), a therapeutic compound for cholangiocarcinoma (CCA) cell
treatment. GONPs were found to cause a faster release in the presence
of glutathione, representing their redox-responsive properties. They
also led to a considerably higher amount of drug uptake and ROS yield
in the cells, in comparison with Ce6 itself. Moreover, GONPs well
accumulated in tumor tissue, while Ce6 itself is mostly gathered in the
liver (Kim et al, 2018). It was also demonstrated that the
biodegradability of GO could be adjusted by its redox-sensitive
surface coating. The Li research group found out that when GO
was coated with macromolecules like PEG to fabricate a biocompatible
device, it could not be considerably degraded during enzyme-induced
oxidization. Hence, they utilized cleavable disulfide bonds for
conjugating PEG to GO. The obtained GO-SS-PEG was shown to
become considerably degradable. Thus, it was discovered that the
redox-responsive surface coating of GO would result in both
intelligent drug delivery and tunable biodegradation behaviors (Li
et al., 2014).

ROS-responsive drug delivery

Reactive oxygen species such as singlet oxygen ('O,) superoxide
(0y7), hydroxyl radical (-OH), hydrogen peroxide (H,0,), and
hypochlorite ion (OCI) are oxygen ions and free radicals with
high reactivity. ROS is produced at low levels in a healthy body
and is responsible for adjusting cell signaling and proliferation.
However, elevated ROS levels inflict harm on proteins, lipids, and
DNA (Trachootham et al., 2009; Saravanakumar et al., 2017). Aging
and many pathological conditions such as cancer, inflammation, and
atherosclerosis are associated with ROS over-production in the body
(Yang et al, 2016). Typical injection of oxidation-responsive
nanoparticles and hydrogels often results in rapid degradation or
low bioavailability in ROS conditions and would not work efficiently.
Wu et al. (2022) could fabricate a ROS-responsive nanofiber
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membrane using rGO as a nanocarrier and PEGDA-EDT as a ROS-
sensitive motif for fucoxanthin (Fx) delivery. In an H,O, environment,
the nanofiber membrane showed a sustained and long-term Fx release
behavior and low toxicity (Wu et al., 2022).

Exogenous stimuli-responsive drug delivery
NIR-responsive drug delivery

Near-infrared (NIR) radiation has been verified to be a capable
method for photothermal cancer treatment. Having a wavelength
between 650 and 900 nm, NIR radiation has minimal body
absorbance, while it could easily penetrate tissue for micrometers
to centimeters, allowing photothermal drug release (Timko et al,
2010). Carbon-based nanomaterials are popular agents in NIR-
responsive drug delivery systems due to high optical absorbance in
the NIR range (Song et al., 2016). Light-responsive drug delivery is
generally achieved through either photothermal or photochemical
reactions. In photothermally induced drug delivery, nanocarriers go
under light-heat transformation when they are exposed to an optical
trigger and the obtained increasing local temperature would lead to
drug release. By contrast, photochemically triggered drug delivery is
achieved by photo-induced cleavage or reactions, or photo-
dimerization or isomerization due to the presence of groups or
bonds sensitive to light (Xiao et al, 2012). Graphene oxide has
been reported to have great photothermal properties. In 2013, Kim
et al. developed a photothermal-responsive cytosolic nanocarrier by
functionalizing reduced graphene oxide to PEG-BPEIrGO for DOX
delivery into cancer cells. First, endosome disruption occurred by
photothermal induction, and then, the drug was released by NIR
irradiation. Additionally, the presence of GSH induced more rapid
DOX release by deteriorating the m-m stacking and non-covalent
hydrophobic interactions of GO. The reported nanotemplate had a
greater loading capacity for DOX and also higher water stability than
PEG-BPEI-GO which contained unreduced GO due to hydrophobic
interactions and m-m stacking. After cellular uptake and before
lysosomal degradation, the nanocarrier successfully escaped from
the endosome by photothermally induced endosomal disruption of
rGO and the proton sponge effect of BPEI Subsequently, the efficient
GSH-mediated release of DOX into the cytosol was observed
(Figure 2) (Kim et al., 2013).

Wang et al. (2021) reported the synthesis of chitosan hydrogel
films loaded with reduced graphene oxide (CS/rGO) as NIR light-
responsive nanocarriers for local delivery of teriparatide, a drug for
osteoporosis treatment. The biomimetic pulsatile release was achieved
through photothermal conversion for osteoporotic bone regeneration
in rats. The results showed that by increasing hydrogel’s rGO content,
the teriparatide loading capacity rose, and when rGO content reached
0.7%, 85% drug loading was obtained. Also, by dedicating more time
to NIR irradiation, more drug amounts were released. Furthermore,
more blood vessels were noticed among the regenerated bone and the
defect’s center. The fabricated system provided a new approach to
repairing osteoporotic bone defects by keeping more amounts of the
drug in the defective area without any systemic side effects. It has also
been reported that GO can photochemically respond to NIR radiation
(Wang et al, 2021). For example, He et al. fabricated a
photochemically induced NIR-responsive nanocarrier (MnCO-GO)
by captivating Mn-carbonyl CORMs in a small GO nanosheet. The
nanomedicine was demonstrated to be highly controllable and NIR-
responsive/sensitive to CO release from trapped CORMs. When it was
subjected to NIR radiation, GO absorbed the light and converted the
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photons to active electrons. The electrons in the GO sheet were
transferred to Mn-carbonyl molecules, and contesting 3d orbitals of
Mn with carbonyls resulted in CO separation from Mn (He et al,
2015).

Thermo-responsive drug delivery

Thermo-responsive hydrogels are relatively the most researched
responsive hydrogel systems because they show exclusive properties in
poly
(N-isopropylacrylamide) (PNIPAAm)-based hydrogels have been

controlled drug delivery systems. Among them,
widely used in thermo-responsive drug delivery since they exhibit a
reversible phase transition temperature of about 32°C that is close to
the body temperature. Yet, they face challenges including low
biocompatibility, low mechanical strength, and slow response that
limit their feasibility. To prompt their response, nanohydrogels have
been developed. It is also essential to avoid using chemical crosslinkers
in synthesizing hydrogels since it results in their toxicity.
Functionalizing GO with many biocompatible polymers such as
chitosan, polyethylene glycol, and PNIPAAm has benefited gene
and tumor drug delivery. Sattari et al. fabricated thermo-responsive
GO-based hydrogels through in situ polymerization of NIPAAm in a
GO/modified matrix as a non-toxic hydrogel crosslinker. They showed
that by increasing the GO content in a hydrogel composite, the
hydrogel’s phase transition temperature, thermal stability, and
internal network crosslinking increased (Sattari et al., 2017).

Havanur and JagadeeshBabu (2018) synthesized a novel intelligent
DOX carrier using the poly (N,N-diethyl acrylamide) (PDEA)
hydrogel, which is a temperature-responsive macroporous polymer.
They loaded it with graphene quantum dots to increase its lower
critical solution temperature (LCST). It was demonstrated that by
loading more GQD content, the hydrogel’s porous structure got more
interconnected by having a higher number of smaller pores. It
happened due to water molecule crystallization in its swollen state.
As a result, the hydrogel’s equilibrium swelling ratio (ESR) increased
considerably and led to more rapid water transport, and subsequently
caused improved temperature sensitivity. The addition of GODs also
decreased DOX cytotoxicity by enhancing the hydrogel’s loading
capacity from 70% to 99% (Havanur and JagadeeshBabu, 2018).

A thermo-responsive hydrogel scaffold was also developed by Mauri
et al, in 2020, that incorporated pristine few-layer graphene without
distortions associated with the oxidation processes. Diclofenac, a non-
steroidal drug for the treatment of musculoskeletal and systemic
inflammations, was physically adsorbed on the carrier matrix by
providing m-m interactions between its twisted phenyl rings and
graphene. Additionally, the defects or vacancies of pristine graphene
provided van der Waals interaction and hydrophobic interaction, as well
as hydrogen bonds upon the energy and polarizability of the bonds and
interactions. By increasing the temperature from 25°C (room conditions)
to 44°C (hyperthermia treatment conditions) over time, tunable drug
release was identified, while a temperature-independent release kinetic
was observed in the lattice without few-layer graphene. Thus, it was
suggested that graphene’s m-conjugated structure would modify the
electrostatic interactions with the diclofenac molecule and promote the
thermal response (Mauri et al., 2021).

Electro-responsive drug delivery

Electric field, as an exogenous stimulation for intelligent drug
delivery, has attracted so much attention. This is mostly because of its
simplicity, portability, and low cost so that it can be easily utilized for
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personalized applications by inducing a low voltage. Using molecules
that orient their dipoles under electric fields is necessary for electro-
responsive devices. Nevertheless, responsiveness is more commonly
obtained by molecules that undergo an electrically induced redox
reaction (Zhao et al., 2016). Electro-responsive nanomaterials are
generally synthesized by utilizing polyelectrolytes, which have the
ability to shrink or swell when subjected to electrical fields. However,
most of the polymers, which have been commonly used in drug release
systems, lack essential electrical conductivity. It has become possible to
overcome this limitation by integrating conducting nanomaterials into
scaffolds.
incorporated into polymers and hydrogels, unique chemical

polymeric When graphene or its derivatives are
structures and attractive physiochemical properties of graphene
lead to the synthesis of composites that are highly biodegradable
and biocompatible in a cellular environment and have great cellular
uptake and highly responsive behavior (Cirillo et al., 2016). In 2013,
Liu et al. fabricated rGO-based hydrogels for the delivery of lidocaine
hydrochloride through the stimulation of an external electric field.
Although it was demonstrated that the addition of GO led to a highly
controllable and responsive release in the presence of an electrical
trigger, large voltages were needed to modulate drug release and this
might damage biological tissues (Liu et al., 2012). Servant et al., in
2014, developed an electro-responsive macroporous hydrogel matrix
loaded with pristine graphene sheets for in vivo pulsatile drug release.
The reported hybrid scaffold solved the two major challenges that the
prior electro-responsive drug delivery devices had dealt with. First, the
resistive heating and the following temperature rise caused by the
electric field stimuli were eliminated. Due to the presence of pristine
graphene at low concentrations, drug release became possible through
short stimulations and at low voltages. Second, the drug release
reproducibility was provided between the ON-OFF electrical
stimulation upon using low electrical voltages (Servant et al., 2014).
By depositing GO into a conductive polymer network, Weaver et al.
also achieved an electro-responsive drug delivery device with dosage
flexibility, favorable electrical properties, and a high level of temporal
control for the delivery of dexamethasone, an anti-inflammatory
molecule. They could tune the drug loading content and release
profile by lowering the thickness and size of GO nanosheets
(Weaver et al,, 2014). More recently, Sahoo et al. (2022) developed
a novel electro-responsive graphene oxide (GO) nanoparticle system
and examined it for in vitro simultaneous delivery of aspirin and
doxorubicin in MDA-MB 231 breast cancer cells. Dual drug delivery is
more effective than utilizing a single drug delivery and leads to lower
drug resistance and fewer side effects. The on-demand drug delivery in
the presence of external low voltage was remotely controlled by a
mobile phone (Du et al., 2020).

Conclusion

Graphene has been identified to have selective and exceptional drug
loading and release characteristics, owing to its high surface area,
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Current applications of
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The development of nanotechnology and nanomaterials has provided insights
into the treatment of urinary system tumors. Nanoparticles can be used as
sensitizers or carriers to transport drugs. Some nanoparticles have intrinsic
therapeutic effects on tumor cells. Poor patient prognosis and highly drug-
resistant malignant urinary tumors are worrisome to clinicians. The application
of nanomaterials and the associated technology against urinary system tumors
offers the possibility of improving treatment. At present, many achievements have
been made in the application of nanomaterials against urinary system tumors. This
review summarizes the latest research on nanomaterials in the diagnosis and
treatment of urinary system tumors and provides novel ideas for future research
on nanotechnologies in this field.

KEYWORDS

mesoporous silica nanoparticles (MSN), gold nanoparticles (Au NPs), carbon nanotubes,
magnetic nanoparticles (MNP), urinary tumors, quantum dots, liposome

1 Introduction

The development of nanotechnology has brought new breakthroughs in the diagnosis
and treatment of cancer (Wakaskar, 2018; Chaturvedi et al.,, 2019; Khan et al., 2020).
Nanoparticles are usually loaded with therapeutic drugs, proteins, photothermal agents,
imaging agents or immune molecules (Liu et al., 2018). Nanoparticles are modified on
demand, and those with recognizable ligands are easily taken up by target cells after
receptor—ligand interactions (Song et al., 2017). Nanoparticles are powerful drug carriers
and can increase drug uptake by tumors by prolonging drug circulation and reducing the risk
of adverse toxic effects on nearby healthy tissue (Ahmed et al., 2012).

Urinary system tumors are common malignant tumors in humans with gradually
increasing incidence (Siegel et al., 2019). The treatment of urinary system tumors is
diverse. For example, chemotherapy and radiotherapy are the main treatment strategies
for advanced renal cancer. However, drug resistance is very common (Penticuff and
Kyprianou, 2015). Nanotechnology can be used to enhance the therapeutic effects of
cancer drugs (Jaishree and Gupta, 2012). Although targeted therapy and immunotherapy
are widely used, resistance to these modalities is inevitable, and the development of
nanomaterials provides an alternative direction. Moreover, traditional treatment
methods, such as surgery, radiotherapy and endocrine therapy, are facing great
challenges. The development of nanomaterials provides novel ideas for the treatment of
urinary tract tumors. Thus, this review summarizes the applications of several nanomaterials
commonly used to treat urinary tract tumors.
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FIGURE 1

Synthesis and applications of mesoporous silica nanoparticles (MSNs). (A) The cytotoxicity of FBZ increased when it was bound the nanomaterial.
Moreover, the inhibition of prostate cancer (PCa) cell proliferation was significantly increased. The intracellular ROS contents were also increased, thus
inhibiting the proliferation of tumor cells. Fluorescence experiments showed that the FBZ complexes, especially the PEG-MCM-FBZ complex, increased
the uptake of FBZ. (B) The complex effectively inhibits the migration of PCa cells. (C) Bladder tumor cells absorbed PEG-Gd,O3-TRITC-MSN
particles with higher affinity than normal bladder epithelial cells and can be used for MRI T2 scanning.

2 Mesoporous silica nanoparticles
(MSNs)

MSNs have well-defined mesoporous structures with
diameters ranging from 2 to 10 nm, large pore volumes of
0.6-1cm’/g and high surface areas of 700-1,000 m*/g
(Iturrioz-Rodriguez et al., 2019). MSNs

characteristics, such as a uniform structure, large surface area,

have certain
and modifiable pore size, and work as a suitable repository for
loading therapeutic/diagnostic agents. MSNs protect their cargo
from premature release and subsequent undesirable degradation
in the stomach and intestine until they reach the target location
(He and Shi, 2014; Nawaz et al., 2018). MSNs in the size range of
50-300 nm can promote endocytosis in living animal and plant
cells without producing any significant cytotoxicity. In drug
delivery and cancer treatment, the particle size of nanocarriers
must be less than 100 nm to circulate in blood vessels for a long
time and serve as a passive drug delivery carriers based on
enhanced permeability and retention (EPR) effects. On the
other hand, the pore sizes of MSNs can be adjusted from 2 to
6 nm, which allows the loading of different drug molecules.
Therefore, MSNs have high drug loading and packaging
efficiency (Porrang et al., 2022).

Frontiers in Bioengineering and Biotechnology

2.1 Application of MSNs in PCa

MSNs can be used in the treatment of PCa. Many researchers
have used MSNss as carriers to load therapeutic drugs, and MSNs can
deliver these drugs to tumor cells. For example, the study of Zanib
Chaudhary et al. investigated resveratrol (RES), a polyphenol with
antitumor properties. However, its poor pharmacokinetics and
stability and low solubility limit its clinical application. Loading
RES onto MSNs can significantly improve the efficacy of RES in PCa
(Chaudhary et al, 2019). Fenbendazole (FBZ) is a potential
anticancer drug whose application is limited by its low water
solubility. The water solubility of FBZ can be increased when
serialized on B-lactoglobulin-modified MSNs, which can increase
the cytotoxicity of FBZ and inhibit the migration of PCa cells (Koohi
et al,, 2022). (Figures 1A,B) It is also possible to serialize FBZ on
pegylated MSN (MCM-41) to improve its cytotoxicity and increase
its delivery to PCa cells (Esfahani et al., 2021).

Studies have found that functionalized MSNs themselves can
also inhibit tumors. Walterinnesia aegyptia venom (WEV) serialized
on MSNs is more effective than WEV alone. Researchers have also
demonstrated that snake venom silica nanoparticles could alter the
cell cycle in PCa cells and accelerate cell apoptosis. A study showed
that the continuous delivery of nanoparticles carrying WEV is an
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effective treatment for PCa (Badr et al., 2013). pH-sensitive delivery
systems can provide on-demand and selective drug release at acidic
tumor sites. Polyacrylic acid (PAA)-functionalized MSNs (PAA-
MSNis) can be used as an effective pH response template with great
potential for effective controlled release in cancer therapy. PAA-
MSNss also showed strong cellular uptake and a longer circulation
time in vivo, and good results were obtained when they were linked
to bicalutamide for the treatment of PCa (Saroj and Rajput, 2019).
Researchers also linked etoposide (ETS) to PAA-MSNs, which
greatly increased the cytotoxicity of ETS (Saroj and Rajput,
2018). Moreover, when calcium peroxide (CaO,) was loaded into
PAA-MSNs, free CaO, without antitumor effects can release
(ROS)

induces

reactive oxygen species
This

apoptosis through significant oxidative stress, minimizes damage

in response to the acidic
microenvironment. mitochondria-mediated
to normal tissues, and exerts excellent antitumor effects. This system
represents a new way to treat PCa (Wu et al., 2020).

MSNis can also be used to diagnose PCa. Researchers developed
an electrochemical immunosensor based on MSNs (Wang et al.,
2013). Other researchers designed MSNs containing pH indicator
molecules for PCa detection, which can improve the sensitivity of
detecting prostate-specific antigen (PSA) (Shao et al., 2018). PSA-
targeted manganese-oxide MSNs were found to be useful for
detecting PCa, as they can accumulate in PCa cells but not in
non-cancerous cells. PCa can be visualized using PSA-targeted
and Magnetic Resonance (MR) dual-function
nanoparticles. They can be used as an MR contrast agent (Du

fluorescence

et al,, 2020). It is generally harder to detect low molecular weight
biomarkers in vivo by traditional spectrometric methods, as they
often exist in low concentrations and are covered by many other
proteins. In fact, studies have shown that less than 25% of PCa cases
with increased PSA levels were diagnosed appropriately.

In addition, a second biopsy can diagnose PCa in approximately
30% of patients with a previously benign biopsy result. Researchers
have designed diagnostic systems for PCa. These use mercaptan
MSN (MSN-SH) to detect low molecular weight proteins and
distinguish between patients with benign prostatic hyperplasia
and those with PCa with elevated PSA levels (Vidaurre-Agut
et al.,, 2019).

2.2 Application of MSNs in bladder cancer

Researchers have linked targeted doxorubicin (DOX) to MSNs
and the peptide conjugate CSNRDARRC (DOX-loaded MSNs@
PDA-PEP) to form a complex. Further study suggested that the
complex significantly improved cell uptake efficiency compared with
DOX alone (Wei et al., 2017). Researchers invented a compound
based on MSNs and found that 70% of bladder cancer cells were
labeled by nanoparticles. The tumor contrast was enhanced by the
nanoparticles, which could be used for tumor staging, treatment
monitoring and drug delivery (Sweeney et al., 2016). At present,
there are many studies on microRNAs, indicating that these RNAs
have antitumor effects. Researchers have reported combinations of
microRNA and MSNs as delivery agents. The uptake of these
bladder
overexpressing EGFR was enhanced via receptor-mediated
cellular internalization (Haddick et al., 2020). Moreover, modified

multifunctional ~ nanoparticles by cancer  cells
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MSNss were constructed and used as delivery carriers to deliver both
miRNA-34a and si-PD-L1 to bladder cancer cells. Notably, the
nanoparticles were biocompatible, which protects the compound
from degradation. Therefore, this system could be used as a
treatment for bladder cancers (Shahidi et al., 2022).

2.3 Application of MSNs in renal cancer

Lonidamine (LND), a heat-sensitive inhibitor of mitochondrial
metabolism, was used in combination with photothermal-
polydopamine (PDA) in the treatment of renal cell carcinoma
(RCC). LND and PDA were loaded into MSNs with a star shape.
The results indicated that the complex had excellent tumor targeting
ability. LND and PDA combined with laser treatment enhanced the
antiproliferation and anticancer abilities with good biocompatibility
(Chen et al., 2021).

3 Gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) have attracted great attention in
biomedicine (Pissuwan et al., 2011; Dykman and Khlebtsov, 2012).
AuNPs have large surfaces and different properties and are of great
potential in diagnosis, delivery, photothermal and radiation therapy,
enzyme fixation, and cell imaging (Zhang et al., 2010; Li et al., 2011;
Nimesh et al., 2011; Pissuwan et al., 2011). AuNPs come in very
diverse shapes, although spherical nanoparticles are thought to be
the main type. Depending on the production method, AuNPs can be
made in different forms: triangles, hexagons, octahedrons, cells,
nanospheres, pores, stars, and nanorods (Ovais et al., 2017). The
different form determines what the AuNP carries (Boisselier and
Astruc, 2009). AuNPs can interact with biological fluids, and the
nanoparticles acquire a biological component known as a
protein corona (PC) (Maiorano et al, 2010; Corbo et al., 2016;
Rampado et al, 2020). Thus, AuNPs can be widely used in the
medical field.

3.1 Application of AuNPs in PCa

AuNPs can be used to detect PCa. Researchers designed a
sensitive electrochemical immunosensor for the determination of
PSA. AuNP/aminothiol-functionalized graphene-oxide composites
were constructed and modified before they were used as an
immunosensor platform to elevate the amount of PSA antibody 1
(Abl) for PSA determination (Medetalibeyoglu et al., 2020). Studies
have detected PCA3, a potential urinary biomarker, in urine using
AuNPs (Htoo et al, 2019). Based on supramolecular hydrogel-
AuNP spheres, an imaging biosensor with high sensitivity and
specificity was developed for the determination of exosomes
derived from PCa cells (Chen et al., 2020). The gold nanoprobes
consisted of a specific peptide, and the AuNPs were used for the
determination of PSA (Li et al., 2019a). Studies evaluated AuNPs
in vitro and in vivo and found that these nanoparticles showed good
potential features for cancer cell uptake and biodistribution and
could also be used to detect PCa by fluorescence imaging (Pretze
et al., 2018). (Figure 2A)
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FIGURE 2

Applications of gold nanoparticles (AuNPs) in cancer. (A) PCA cells were treated with ultrafine AuUNPs containing the gastrin-releasing peptide
receptor. After 72 h, up to 6% of the AuNPs remained in the body, which could be used to detect PCa. (B) Docetaxel-coated AuNPs showed toxicity to
PCa cells in vitro. (C) AuNPs were found to be toxic to eight types of tumor cells, most notably to PCa cells, showing toxic effects to all PCa cells tested. (D)
AuNPs synthesized from abies fir plant extracts inhibited bladder cancer T24 cell migration in a concentration-dependent manner. (E) AuNPs

mediated T24 cell death.

The application of AuNPs in the treatment of PCa is also very
extensive. AuNPs can be used as carriers to deliver antitumor drugs to
PCa cells. Researchers synthesized novel AuNPs conjugated with
abiraterone (AuNPs-AB), which have shown good prospects for the
treatment of PCa (Stolarczyk et al, 2020). Docetaxel (Dtx) was
encapsulated by AuNPs for delivery to PCa cells (Thambiraj et al,
2021). A synthetic Gen-AuNP conjugate (Gen@AuNPs) selectively
inhibited the proliferation of PCa cells. The authors also
demonstrated the stability and bioactivity of the AuNPs along with
(Vodnik et al, 2021).
lipid that mediates

their low toxicity to normal cells
Phosphatidylserine (PS) is an essential
macrophage exocytosis and is dysregulated in tumors. Biomimetic
phosphatidylserine-coated AuNPs (PS-AuNPs) were synthesized,
and their potential in PCa was investigated in vitro. After evaluating
histone-associated DNA fragments as a marker of apoptosis, the
researchers found that DNA fragmentation was significantly
increased PS-AuNP  treatment
treatment. Therefore, PS-AuNPs were indicated as a potential PCa
treatment (Radaic et al., 2021).

after compared with control
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AuNPs themselves can also be therapeutic for PCa. AuNPs
have been shown to exert powerful cytotoxic effects, with
synthetic AuNPs showing the most significant efficacy against
PCa, whether or not the tumor cells were androgen-dependent.
Further studies on the molecular mechanism showed that AuNPs
can trigger the secretion of anticancer factors and myeloid cell-
polarizing factors from tumor cells through MMP9 inhibition,
thereby achieving antitumor effects (Hao et al., 2021). (Figure 2C)
The same AuNPs decay at a high energy level and their radiation
can be delivered to the tumor site without destroying the
normal tissues or organs. Using AuNPs is a promising way to
treat PCa (Al-Yasiri et al,, 2019). AuNPs have also been widely
used to treat PCa due to their unique optical properties. A silicon
dioxide-coated AuNP cluster was proposed to address the
therapeutic limitations of individual AuNPs and utilize their
photothermal effects to treat typical PCa PC-3 cells. AuNP
clusters have shown excellent therapeutic effects in
photothermal tests under near-infrared radiation (Kim et al.,

2020).
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The combination of AuNPs and Gd(III) provides better cancer
inhibition after radiotherapy. Precise tumor targeting by PSMA-1-
modified AuNPs can achieve precise radiotherapy, reduce the
irradiation dose, and minimize side effects (Luo et al., 2020).
AuNPs are also effective radiosensitizers, and RALA (a short
amphiphilic  peptide)/AuNPs synthesized,
functional evidence of RALA-AuNP nuclear

RALA-AuNP produced meaningful radiosensitization using low

were providing

accumulation.

microgram AuNP treatment concentrations (Bennie et al., 2021).

3.2 Application of AuNPs in RCC

Few studies of AuNPs in RCC have been reported. Researchers
have found that 200 nm AuNPs have an antitumor effect in 786-O
RCC cells by promoting cell apoptosis and inhibiting proliferation
(Zhao et al., 2020). C. wenyujin is the main component of turmeric
and has antioxidant, antiproliferative and antitumor properties.
Researchers used C. wenyujin to synthesize AuNPs and found
that the produced CW-AuNPs could activate the proapoptotic
proteins caspase-3, caspase-9, Bid and Bad in renal cancer
A498 cells in vitro. CW-AuNPs can reduce the level of Bcl-2 and
thereby induce apoptosis of A498 cells (Liu et al., 2019). Other
studies have found that AuNP treatment reduces the viability of
cancer cells, suggesting a potential alternative to nephrectomy
(Nikzad et al., 2017).

3.3 Application of AuNPs in bladder cancer

Hyaluronidase (HAase) is a bladder cancer biomarker found in
urine. HAase can prevent the redshift observed when cationic gold
nanoparticles (CTAB) aggregate with other substances. Therefore,
this color change can be used for the diagnosis of bladder cancer
(Nossier et al, 2014). Other researchers considered urine
carcinoma upregulated RNA (HURP) as a
biomarker of bladder cancer and developed a AuNP assay to
directly detect unamplified HURP RNA for bladder cancer
diagnosis (Eissa et al., 2014).

hepatocellular

AuNPs can also be used in the treatment of bladder cancer.
Researchers found that by combining fir extract with AuNPs,
apoptosis of tumor cells could be promoted to play an anticancer
role (Wu et al., 2019). (Figures 2D,E) Because AuNPs are effective
enhancers of radiotherapy, some researchers improved the control
of locally advanced bladder cancer. They used AuNPs to locate
bladder tumors and found that the AuNPs were distributed
throughout the bladder wall. However, most AuNPs are related
to extracellular keratins, and their localization in the tumor stroma
contributes to their specific radiotherapy enhancement for muscle-
invasive bladder cancer (Smilowitz et al., 2017). AuNPs themselves
also have therapeutic effects. Researchers have studied the cancer
suppression effects of AuNPs in 5637 bladder cancer cells exposed to
different concentrations of AuNPs for 24 h. The results showed that
the AuNPs could reduce the survival of 5637 cells in a dose-
dependent manner. In addition, ROS production was significantly
increased in cells treated with 25 and 50 pg/mL AuNPs. These
AuNPs could promote the apoptosis of tumor cells by inducing
Bax overexpression and downregulating Bcl-2 (Daei et al., 2022).
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4 Quantum dots (QDs)

Quantum dots (QDs) are nanomaterials with diameters of
2-10 nm (Sukhanova et al.,, 2018). QDs have unique physical and
chemical properties, including high stability. Moreover, most QDs
are considered non-toxic, so they are widely used in various fields of
medicine (Rajendiran et al, 2019). QDs are potential smart drug
delivery tools that can be used in cancer therapy, and their
photostability, tunable emission, and wide excitation range make
them more effective fluorescent markers than organic dyes in
biological applications (Breus et al., 2015; Manshian et al., 2017;
Hossen et al., 2019). (Figure 3A)

4.1 Application of QDs in PCa

Researchers synthesized highly stable AgInSe/ZnS QDs that can
selectively target PCa and be taken up in large amounts. Therefore,
AgInSe/ZnS QDs can be used as imaging probes to guide diagnosis
and treatment (Ncapayi et al., 2021). (Figures 3B-D) Researchers
used yeast cells and Saccharomyces cerevisiae to synthesize cadmium
telluride (CdTe) QDs in modified Czapek medium through
biological methods. In vitro experiments showed that the CdTe
QDs induced a significant increase in ROS levels in PC-3 cells.
Moreover, CdTe also arrested PC-3 cell growth in the G2/M phase of
the cell cycle. Thus, CdTe QDs induced cell death and nuclear
apoptosis in a dose-dependent manner (Jigyasu et al, 2020).
Nanocomplexes containing QDs and p-cyclodextrin have been
synthesized. This nanoconjugate has folate-targeting properties
and has been used to deliver the anticancer Compound C-2028
to PCa cells. The QDs enter the cell through multiple endocytic
pathways with various efficiencies to deliver the drug to cancer cells
(Pilch et al, 2022). Researchers designed and synthesized a
nanoparticle probe PSMA receptor-targeted QD (PSMA-QD655)
by combining functionalized amino-PEG QDs with DUPA-targeted
polypeptide constructs through heterobifunctional joints. PSMA-
QD655 is a near-infrared imaging agent that can be used for
navigation during surgery (Asha et al, 2021). Through the
of QDs on
superparamagnetic Fe;O,, researchers prepared red and green

electrostatic adsorption of a large number
magnetic QD nanobeads (MQBs) with excellent magnetic and
high properties. MQBs can be
multifunctional probes for the simultaneous determination of free

and total PSA (Rong et al., 2019).

luminescence used as

4.2 Application of QDs in bladder cancer

QDs have also been widely used in bladder cancer. Researchers
prepared QD fluorescent probes conjured with prostate stem cell
antigen (PSCA) monoclonal antibody (QD-PSCA). The probe
specifically identifies PSCA expressed in bladder cancer cells. The
stable fluorescence of the probe can be used as a specific marker
(Yuan et al,, 2018). A nanocarrier system was constructed with Mn:
ZnS QDs. This delivery system can improve drug delivery efficacy in
bladder cancer (Manan et al., 2021). The molecular detection of
malignant nuclear matrix protein 22 (NMP22) in the urine has been
introduced into clinical practice to identify bladder tumors.
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Biomedical applications of quantum dots (QDs). (A) QDs were used for intracellular imaging, in vivo imaging, fluorescence-activated cell sorting,
photodynamic therapy, and traceable drug delivery. (B) QDs were used for drug delivery, such as the hyaluronic acid-ZnO QD-polyethylene glycol (HA-
ZnO-PEG) material. This drug delivery system can release DOX (doxorubicin) in acidic cells. (C) QDs can be used for imaging and enable a combination of
photodynamic therapy and photothermal therapy as well as photoacoustic imaging. (D) QDs have been used in sensors. TEM images of QDs-AT IlI-
heparin without CTAB can be easily distinguished from TEM images of QD aggregates with CTAB after quantum dot synthesis and polymerization.

Researchers have also designed two-color QDs that can detect
NMP22 with high sensitivity (Othman et al., 2020).

4.3 Application of QDs in RCC

Black phosphorus QDs (BP-QDs) can enhance the apoptosis of
RCC cells after ionizing radiation (IR), indicating that BP-QDs have
potential application value in the RCC radiosensitization therapy
(Lang et al., 2022). Researchers have measured the expression of the
proteins Tiaml and Racl in RCC using immunohistochemistry
(IHC) and QD labeling methods. It was found that the expression
levels of Tiam1 and Racl are related to the differentiation, staging
and lymphatic metastasis of RCC, suggesting that they are critical in
RCC invasion and metastasis (Shan et al., 2017).

5 Carbon nanotubes (CNTSs)

Carbon nanotubes (CNTs) are sheets of graphene 1nm in
diameter and a few microns in length. Single-walled CNTs
(SWCNTs) and multiwalled CNTs (MWCNTSs) (Elhissi et al.,
2012) are the two common types of CNTs. Functionalized CNTs
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have the ability to cross the cell membrane, which allows
functionalized CNTs to target specific tumor cells through
endocytosis (Lacerda et al, 2012). (Figure 4A) Modified CNTs
can be used to evaluate treatment, cell survival and apoptosis
(Rastogi et al., 2014).

5.1 Application of CNTs in PCa

A nanoparticle delivery system including MWCNTs
conjugated with the polypeptide H3R6 has been discovered for
PCaimmunotherapy in which the immunotherapeutic agents can
be efficiently delivered to the prostate and lymph nodes (Xia
et al,, 2018). A novel nanoultrasound contrast agent based on
MWCNTSs was reported. Compared with traditional contrast
materials, this contrast agent provides better visibility and
accuracy and can target PCa cells more effectively (Gu et al,
2018). (Figures 4B,C) Researchers designed an optical sensor
based on the fluorescence characteristics of SWCNTs. These
sensors are expected to be used to distinguish between
invasive PCa and inert prostate cells and reduce excessive
treatment options for this disease (Williams et al., 2018).

(Figures 4D,E)
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5.2 Application of CNTs in bladder cancer

Bladder tumor-specific SWCNTs are delivered to the bladder at
a low dose. Then, the nanotubes are heated with 360° NIR light for
30s. NIR light can heat the tumor while protecting the healthy
bladder wall (Virani et al., 2018). Epirubicin (EPI) was loaded on
magnetic MWCNTs (MMWCNTSs-EPI) for intravesical infusion.
The MMWCNT-EPI system has high efficiency in enhancing
cytotoxicity and inhibiting proliferation in vitro and in vivo,
showing potential clinical application value (Suo et al.,, 2019).
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6 Liposomes

Liposomes are spherical structures with sizes ranging from
25nm to 2.5um (Akbarzadeh et al, 2013) Liposomes can be
structured as monolayer (ULV) or multilayer (MLV). ULVs are
suitable for the encapsulation of hydrophilic drugs or antigens.
MLV feature multiple lipid bilayers, which act as barriers to resist
enzymes, certain pH conditions, and free radicals in vivo. Thus,
liposomes prevent drug degradation until its release at target cells,
organs, or systems. Due to their high biocompatibility, degradability,
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Liposomes have been used for cancer diagnosis and therapy. (A)

A specific targeting ligand was incorporated to modify the surface of
PEGylated liposomes. (B) T2-weighted MR images of a transgenic
mouse before and after injection of Ferri-liposomes. (C) An in

vivo study indicated that various liposomal formulations inhibited
tumor growth.

low toxicity, and ability to encapsulate hydrophilic and hydrophobic
compounds, liposomes represent the most successful drug delivery
system because of their high biocompatibility, degradability and low
toxicity (Felice et al., 2014; Bozzuto and Molinari, 2015).
(Figures 5A,B)
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6.1 Application of liposomes in PCa

The considerable side effects of the anthracycline doxorubicin
(DOX) are major drawbacks. Simvastatin (Sim) can be used in
combination with DOX. Researchers combined DOX and Sim on
herceptin-conjugated liposomes. Studies have shown that liposomes
can target PCa cells and exert an antitumor effect (Li et al., 2019b).
Antisense oligonucleotides (ASOs) have a significant advantage due
to their ability to provide virtually unlimited targeting of any gene.
However, ASOs have the disadvantage of poor delivery in vivo.
Researchers used the penetrating peptide iRGD to functionalize
liposomes as anti-androgen receptor (AR) vectors. IRGD/liposomes
significantly elevated the concentration of AR/ASO in target tissues
and therefore inhibited tumor growth (Guan et al.,, 2021).

Liposomes increase the solubility the complexes, enhance the
cytotoxicity of PCa drugs, and significantly reduce the growth rate of
PCa cells, resulting in high radiotherapy efficacy in patients with
locally advanced PCa (Silva et al., 2021). PSMA is a marker used for
the diagnosis of advanced PCa and is recognized for targeted drug
delivery. A liposome composed of a PSMA ligand and polyethylene
glycol was synthesized. Liposomes with small PSMA binding motifs
can be used to specifically identify PSMA + PCa cells (Yari et al,
2019).

6.2 Application of liposomes in bladder
cancer

The BCG cell wall skeleton (BCG/CWS) was encapsulated in
liposomes. Specific ligands were then conjugated on the surface of
the liposomes to facilitate targeting and cell penetration. The
modified liposomes significantly elevated the endocytosis of
BCG/CWS by bladder cancer cells and strengthened the
antitumor effect. Thus, BCG/CWS-modified liposomes could be a
potential, highly efficacious therapeutic candidate in bladder cancer.
(Figures 5C,D). The accumulation and distribution of DOX within
liposomes in the bladder are significantly higher than those of
administered DOX (Mikhail et al, 2017).
Researchers developed a cationic liposome that combines three

intravenously
subclasses of mycolic acid (MA). This liposome can be effectively
absorbed by MB49 bladder cancer cells and then induce antitumor
immunity in vivo (Yoshino et al., 2019).
6.3 Application of liposomes in RCC

A liposome specifically targeting tumors was synthesized with

phospholipids and cholesterol and showed excellent tumor-specific
uptake as well as tumor inhibition (Pal et al., 2019).

7 Magnetic nanoparticles (MNPs)

class of
nanoparticles that are usually made of pure metals (Fe, Co.,

Magnetic nanoparticles are an important
and Ni) or mixtures of metals and polymers. The utilization of
MNPs has

controlled drug release, magnetic resonance imaging, and

increased in hyperthermic cancer treatment,
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Biological applications of magnetic nanoparticles (MNPs). (A) Iron oxide nanoparticles with Zn and Mn were encapsulated into a nanocarrier.
(B) Enhanced heating efficiency was achieved upon exposure to an alternating magnetic field. (C) In vivo evaluation of the nanoparticles suggested that
ZnMn-IONCs started to accumulate in tumors. The fluorescence intensity in the tumors was higher than that the liver, kidneys, spleen and lungs.

biosensing. A key advantage of MNPs is their ability to be  possibility of localizing MNPs to cancer cells by the application of
magnetically manipulated by external magnetic fields (Farzin = magnetic fields, MNPs can be modified with high-affinity ligands.
et al., 2020). MNPs can alter drug pharmacokinetics to reduce  Additionally, MNPs can be applied to improve the MRI image
cytotoxicity and increase the drug release rate. In addition to the  contrast in the target tissue. MNPs can be localized to tissue sites
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TABLE 1 Nanoparticle summary.

Nano Key Advantages

characteristic(s)

particle

10.3389/fbioce.2023.1111977

Disadvantage(s) Applications

MSNs Mesoporous structures | High biocompatibility, adjustable particle size Cytotoxicity, genotoxicity Drug and gene delivery, MSN-assisted
multifunctional surface, high loading capacity bioimaging, tissue regeneration, MSN-
based carriers, MSN-based biosensors
AuNPs Au Large surface area, superior conductivity high Cytotoxicity, organ toxicity Drug delivery, photothermal therapy,
biocompatibility, easy entry into the host neurotoxicity radiation therapy, immunotherapy,
enzyme fixation, cell imaging
QDs Quantum dot High photochemical stability, fluorescence Contain heavy metals, organ Biomolecule targeting, luminescence
quantum yield and biocompatibility toxicity, environmental pollution, imaging, drug delivery
immunotoxicity
CNTs Grapheme sheets Small volume, high specific surface area, good Organ toxicity, genotoxicity Biosensor, drug and gene delivery, vaccine
cell penetration, can be combined with more delivery, tissue engineering, regenerative
biological macromolecules and drugs medicine, biomedical imaging, biosensors,
biomolecular detection
Liposomes Spherical structures High biocompatibility, non- Poor stability, low drug loading ~ Drug delivery, increase drug stability, non-
toxicnonimmunogenic, easy surface easy leakage invasive imaging, drug targeting, gene
modification therapy, tissue engineering
MNPs Pure metals or their High biocompatibility, magnetothermal effect, Cytotoxicity Hyperthermia cancer treatment,
mixtures superparamagnetism controlled drug release, magnetic
resonance imaging, biosensing, tumor
imaging, radiotherapy

to increase proton relaxation and improve visibility (Sun et al,,
2008).

7.1 Application of MNPs in PCa

Magnetic hyperthermia (MHT) is a promising treatment for
solid tumors. MHT generates heat in the presence of an alternating
field (AMF).
nanoparticles with enhanced heating efficiency that generate ideal

magnetic Researchers found new magnetic
intratumoral temperatures when exposed to an AMF. In vivo
the significantly
accumulate in tumor sites within hours and

temperature to more than 42°C after exposure to an AMEF.

experiments confirmed that nanoclusters

elevate the

Finally, MHT application showed great inhibition of PCa cell
growth with no side effects (Albargi et al., 2020) (Figure 6).
Galbanic acid, a natural sesquiterpenoid coumarin compound,
causes significant toxicity to LNCaP PCa cells. Galbanic acid was
loaded onto Fe;0,4-coated MNPs and showed significant toxicity to
all PCa cells (Mohtashami et al., 2019) Researchers also developed
multifunctional MSNs that bind photosensitizers. These MSNs
demonstrated significant anticancer effects by inducing apoptosis
in PCa cells (Choi et al., 2018).

8 Discussion

The development of nanotechnology and nanomaterials for the
diagnosis and treatment of urinary system tumors has brought great
achievements and opportunities (Table 1). Many of these studies are
still in the experimental stage, and many of these concepts have not
reached clinical application. There have been a few reports on
nanotechnology and nanomaterials in bladder cancer and kidney
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cancer; however, we are far from fully understanding these
technologies. We believe that through the efforts of researchers
and clinicians, more diagnosis and treatment methods will be
invented for patients with urinary tract tumors.

Despite the therapeutic benefits, problems of nanotechnology
and nanomaterials in terms of biological safety as well as metabolism
in vivo should be given sufficient attention. Nanomaterials vary in
their distribution, which depends on their shape, size, porosity,
surface functionalization, etc. (He et al., 2011). For instance, MSN's
are mainly present in the liver and spleen (Fu et al., 2013). AuNPs
are primarily concentrated in the liver, spleen and bone marrow
(Blanco et al., 2015). CNTs are different from other nanomaterials.
They enter the cells in two ways, through endocytosis and passive
diffusion, while QDs are mainly distributed and accumulate in the
reticuloendothelial system and kidney. These differences in
distribution result in various metabolic fates, applications and
toxicities. As far as metabolism is concerned, first, the clearance
of nanomaterials, including MSNs and AuNPs, depends on
clearance by the kidney and biliary tract. Second, nanomaterial
metabolism depends on their size. Small AuNPs (less than 10 nm)
are easier to metabolize than large AuNPs (Zhou et al., 2011). QDs
with larger particle sizes remain unchanged in vivo for a longer time
and are more difficult to remove. In addition, nanomaterials can
combine with specific proteins and be found in systemic circulation.
Thus, these nanomaterials can be absorbed by phagocytic cells in the
liver and spleen, such as liver Kupffer cells and splenic B Cells.
Finally, the nanomaterials can be excreted from the body after
phagocytosis by the macrophages in the alveoli (Huang et al,
2011). In addition to their dosage, the particle size of
nanomaterials has a great impact on their toxicity (Greish et al.,
2012; Shao et al, 2017). Moreover, the nanoparticle surface
properties are the most important factor that affects toxicity.
Nanoparticles with positive charges are more likely to induce an
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immune response and cytotoxicity than neutral or negatively
charged nanoparticles (Pisani et al.,, 2017; Li et al,, 2019¢). The
cytotoxicity of nanoparticles is also considered to be shape-
dependent (Lopez-Chaves et al, 2018) and depends on the
biomolecules present on their surface (Xie et al., 2017).

Many problems with nanoparticles remain to be solved before
these new developments can be applied in clinical settings. First, how
can we improve the targeting efficiency of nanoparticles? Higher
efficiency indicates that lower doses can be used with less toxicity.
Second, we need to try to reduce particle loss in the targeting process,
which is another way to increase efficiency and reduce toxicity.
Third, and one of the most important issues, is how to reduce the
side effects caused by nanoparticles, which usually lead to
impairment of the kidney and liver. Fourth, we should also pay
increasing attention to simplifying the manufacturing of
nanoparticles so that their cost could be lower for wide use in
the clinic. Finally, the waste from the production of these
nanoparticles may pollute the environment, and we should thus
optimize the production process to reduce this threat.

Furthermore, more clinical studies need to be conducted based on
the issues mentioned above. For example, it is still unknown whether
patient characteristics (e.g., age, sex, tumor type, tumor location,
previous treatment) will alter the effects of some nanoparticles. In
addition, it is also unknown whether nanoparticles can induce acute
exacerbation of other diseases, such as asthma and diabetes. Third,
nanoparticle application requires a complete set of platforms, which
report the intake, distribution and metabolism of the drug in the body.
Finally, most of the current research is focused on the design,
production and targeting of nanoparticles to treat tumors. We
believe that patients could benefit more from novel clinical research,
including nanoparticle localization, which is also crucial in tumor
therapy, for continuous anticancer effects.

At present, we are only beginning to study nanoparticles, most
of which have not been put into clinical application. More clinical
studies will have to be done to assure safety and effectiveness.
Although many studies have shown the advantages of
nanoparticles in the diagnosis and treatment of tumors, their
potential biosafety and toxicity should also be given more
attention. More critical questions should also be answered,
including whether the age, weight, basic disease status, etc. of
patients influence the effects of nanoparticles. Therefore, there is
a long way to go before these nanoparticles can be widely accepted
and used. Moreover, we could focus on modifying nanoparticles,
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Medical Sciences, Guangzhou, China, “Guangdong-Hong Kong-Macau Joint Lab on Chinese Medicine
and Immune Disease Research, Guangzhou, China, ®Department of Urology, The First Affiliated Hospital
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Magnolol is a chemically defined and active polyphenol extracted from magnolia
plants possessing anti-allergic activity, but its low solubility and rapid metabolism
dramatically hinder its clinical application. To improve the therapeutic effects,
magnolol-encapsulated polymeric poly (DL-lactide-co-glycolide)—-poly (ethylene
glycol) (PLGA-PEG) nanoparticles were constructed and characterized. The
prophylactic and therapeutic efficacy in a chronic murine model of OVA-induced
asthma and the mechanisms were investigated. The results showed that
administration of magnolol-loaded PLGA-PEG nanoparticles significantly reduced
airway hyperresponsiveness, lung tissue eosinophil infiltration, and levels of IL-4, IL-13,
TGF-py, IL-17A, and allergen-specific IgE and IgG; in OVA-exposed mice compared to
their empty nanoparticles-treated mouse counterparts. Magnolol-loaded PLGA-PEG
nanoparticles also significantly prevented mouse chronic allergic airway mucus
overproduction and collagen deposition. Moreover, magnolol-encapsulated PLGA-
PEG nanoparticles showed better therapeutic effects on suppressing allergen-
induced airway hyperactivity, airway eosinophilic inflammation, airway collagen
deposition, and airway mucus hypersecretion, as compared with magnolol-
encapsulated poly (lactic-co-glycolic acid) (PLGA) nanoparticles or magnolol
alone. These data demonstrate the protective effect of magnolol-loaded PLGA-
PEG nanoparticles against the development of allergic phenotypes, implicating its
potential usefulness for the asthma treatment.
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Introduction

Asthma is a common chronic inflammatory disease affecting an
estimated 262 million people in different countries (Asher et al.,
2020). Airway hyperresponsiveness (AHR), type 2 inflammation,
airway remodeling, and mucus hypersecretion are hallmarks of
asthmatic processes (Holgate et al., 2015). These pathological
changes cause asthma symptoms, which can be any combination
of coughing, wheezing, shortness of breath, and chest tightness. To
date, glucocorticoids still represent the mainstay of asthma control,
but these drugs come with side effects, including suppression of the
host defense and metabolic impairments, particularly with
systematic use (Okwuofu et al., 2022).

Magnolol (5,5 -diallyl-2,2'-dihydroxybiphenyl) is an
polyphenol extracted from Magnolia officinalis, which is a traditional
Chinese medicine with a long history of application to prevent

active

cardiovascular and cerebrovascular diseases, treat depression and
anxiety, and relieve asthma and cough (Yang et al, 2023).
Pharmaceutically, magnolol has anti-oxidant, anti-inflammatory, anti-
microbial, anti-tumor, cardiovascular, and neural protective properties
(Mainardi et al., 2009). Recently, magnolol has been found to have anti-
allergic effects on allergic rhinitis via the inhibition of ORAI1 (calcium
release-activated calcium channel protein 1) and ANOI1 (a calcium-
activated anion channel 1) channels (Phan et al, 2022). Moreover,
magnolol exerts anti-asthmatic effects via its ability to modulate Th1/
Th2/Th17 cytokines in ovalbumin-sensitized asthmatic mice (Huang
et al.,, 2019). Its isomer, honokiol, has also been shown to alleviate the
inflammatory processes contributing to asthma (Munroe et al., 2010).
However, the low water solubility and bioavailability and the rapid
metabolism of magnolol dramatically limit its clinical application (Tang
et al,, 2018). Thus, a critical question regarding magnolol usage is how
bioavailability and stability can be improved.

Biodegradable polymeric nanoparticles have various advantages,
such as high biocompatibility and biosafety, in potentiating the efficacy
of drugs (Shao et al, 2022). Although poly (lactic-co-glycolic acid)
(PLGA), a synthetic polymeric material certified by the FDA, is widely
used to prevent clinical drugs from degradation, it suffers from an array
of shortcomings, including low encapsulation efficiency of polar drugs
and high capture rate by the reticuloendothelial system due to its
hydrophobicity (Younis et al., 2022). Poly (ethylene glycol) (PEG) has
the two affinity characteristics of dissolving in water and organic
solvents, meaning it shows a potential to promote the hydrophilicity,
drug encapsulation efficiency, and blood circulation time of PLGA
(Padin-Gonzalez et al., 2022). Previously, we found that the Ambrosia
artemisiifolia allergen Amb a 1-loaded poly (DL-lactide-co-glycolide)-
poly (ethylene glycol) (PLGA-PEG)
immunotherapeutic effect on allergic conjunctivitis in mice (Cao
et al, 2022). In this study, we hypothesized that magnolol-loaded
PLGA-PEG nanoparticles could be effective in attenuating asthma

nanoparticles have an

phenotypes in a chronic murine model.

Materials and methods
Animals

Female BALB/c mice (specific pathogen-free grade, body weight
16-22 g, 6-8 weeks old) were purchased from the Animal Center of
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Guangdong Province and maintained under specific pathogen-free
conditions in the Animal Experimental Center of Shenzhen
University. All experiments were approved by the Animal Ethic
Committee at Shenzhen University. The experiments were carried
out following the Institutional Guidelines for the Care and Use of
Laboratory Animals.

Preparation of magnolol-loaded
nanoparticles

The nanoparticles were prepared by the emulsification-solvent
evaporation method (Paswan and Saini, 2017). Briefly, 1mg
magnolol (MCE, United States) and 4 mg PLGA-PEG/PLGA
(Merck, Germany) were dissolved in a 2mL mixture of
dichloromethane and ethanol (4:1, v/v) and injected into 4 mL
1.5% aqueous PVA solution. The mixture was homogenized with
a probe-ultrasound machine (VCX750, Sonics, United States) for
5min in an ice bath and stirred uncovered for 12h at room
temperature to volatilize the organic solvent completely. Then,
filtered by a 0.22pm

the nanoparticle suspension was

microporous membrane.

Characterization of magnolol-loaded
nanoparticles

The zeta potential of the nanoparticles was measured by the
Zetasizer Ultra instrument (Malvern, United Kingdom). After the
nanoparticles were diluted with ultrapure water, the size distribution
of the nanoparticles was also measured by this instrument. After the
nanoparticles were fixed on the stub with double-sided adhesive
tape, they were coated with a platinum layer by an automatic fine
platinum coater (JFC-1300, JEOL) for 1min, and then their
morphology was observed by a field-emission scanning electron
microscope (FESEM). For the measurement of encapsulation
efficiency, the prepared nanoparticle suspension was added into
an ultrafiltration tube with a molecular weight cut-off of 3 kD,
centrifuged at 4,000 rpm for 30 min to separate the magnolol
that was not coated by nanoparticles, and the concentration of
magnolol was measured by HPLC. The following formula was used
to calculate the encapsulation efficiency (EE): EE (%) = [(mtotal-
mfree)/mtotal] x 100%. Mtotal is the concentration of magnolol in
total suspension, and Mfree is the concentration of magnolol in the
ultrafiltrate.

Sensitization, challenge, and administration
protocols

As shown schematically in Figure 2A, the mice were
immunized intraperitoneally with 10 pg OVA (Sigma-Aldrich,
United States) adsorbed to 1 mg of alum (Thermo Scientific,
United States) on days 0 and 14 (Royce et al, 2013; Wang
et al, 2017a). At day 21, the mice were challenged with
intranasal instillation of 20 pg OVA in a 20 pL PBS. The OVA
challenge was performed three times per week for 6 weeks.
Twenty mg/kg of magnolol (Herbpurify, China) and magnolol-
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Characterization of magnolol-loaded PLGA-PEG nanoparticles. (A) Field emission scanning electron microscopic image. (B) Mean diameter and
zeta potential of the two nanoparticle preparations (n = 3). PLGA-MG: magnolol-loaded PLGA nanoparticle; PLGA-PEG-MG: magnolol-loaded PLGA-

PEG nanoparticle.

loaded nanoparticles were administered intraperitoneally 24 h
before the first OVA challenge and 2h before each of the
remaining OVA challenges (Tian et al, 2018; Huang et al,
2019). PBS was used as an experimental control.

AHR assay

AHR was measured with the Buxco whole-body
plethysmography (WBP) system (Buxco Research Company,
United States) in response to inhaled methacholine. After 24 h of
the last OVA challenge, the mice were monitored for about 10 min
in the chamber until their breathing became stable. After a baseline
recording for 5 min, the responses were assessed for 5 min after the
inhaling of different concentrations of atomized methacholine
solutions (0, 6.25, 12.5, 25, 50, and 100 mg/mL). In order to
allow the respiratory intensity to get back to the baseline, an
interval of 5min was given between each test. AHR was
expressed as enhanced pause (Penh), as described in detail

previously (Wang et al., 2017b).

Bronchoalveolar lavage fluid (BALF)
collection

The mice were subjected to tracheotomy and intubation after
euthanasia via carbon dioxide inhalation. A five-bouts lavage with
0.8 mL PBS was performed on each mouse three times. A total
volume of about 2 mL BALF per mouse (recovery rate >80%) was
collected and centrifuged at 4°C, 1500 rpm for 10 min. The
supernatant was used for cytokine determination, and the
precipitate was resuspended and stained for inflammatory cell
differential counting via Liu’s staining method, following the
instructions of the manufacturer (Baso, China).
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Lung histological staining

The lungs were immediately removed after sacrifice, fixed in 4%
paraformaldehyde, and embedded in paraffin. Lung sections (4 pm)
were stained with hematoxylin-eosin (H&E), periodic acid-Schiff
(PAS), trichrome methods. The degree of
inflammatory infiltration on H&E staining sections was scored
using previously described methods (Wang et al, 2017b). PAS
staining was used to identify the mucus-producing goblet cells in

and Masson’s

the airway mucosa (Wang et al, 2017b). Masson’s trichrome
staining was used to detect peri-bronchial collagen deposition. A
score ranging from 0 to 3 was applied to each observed bronchus,
with an approximate total of 10 areas being scored (Li et al., 2013).

Quantitative reverse transcription PCR
(qQRT-PCR)

The total RNA was extracted from the lung tissues with TRIzol
Reagent (Thermo Scientific, United States), as recommended by the
manufacturer. A total of 1.5 pg of total RN A preparation was reverse
transcribed using a ¢cDNA synthesis kit (RevertAid First Strand
cDNA Synthesis Kit, Thermo Scientific, United States). cDNA was
1/5 diluted, and 5 pL was used as a template in a 50 pL SYBR-Green
PCR reaction system, according to the manufacturer’s instruction
(iQ™ SYBR" Green, Bio-Rad, United States). B-actin premier (sense,
5'-CATCCGTAAAGACCTCTATGCCAAC-3’; antisense, 5'-ATG
GAGCCACCGATCCACA-3'), Muc5ac premier (sense, 5'-CTG
TGACATTATCCCATAAGCCC-3’; antisense, 5'-ACCGATCCC
GCCCAGTGACA-3"), and Collal premier (sense, 5'-TGTTCG
TGGTTCTCAGGGTAG-3% 5'""TTGTCGTAGCAG
GGTTCTTTC-3") Biotech
(Shanghai, China). Specificity was controlled by the omission of

antisense,

were synthesized by Sangon

the template or the reverse transcription. All the samples were run in
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FIGURE 2

Magnolol-loaded PLGA-PEG nanoparticles migrate allergen-
induced AHR. (A) Schematic representation of the mouse model. (B)
The data are shown as means + SD from four individual mice. CTRL:
saline control group; OVA: OVA model group; PLGA: drug-free
PLGA nanoparticle group; PLAG-PEG: drug-free PLGA-PEG
nanoparticle group; PLGA-MG: magnolol-loaded PLGA nanoparticle
group; PLGA-PEG-MG: magnolol-loaded PLGA-PEG nanoparticle
group; MG: magnolol group. *p < 0.05 versus OVA group, **p <
0.05 versus magnolol-loaded PLGA-PEG nanoparticle group.

triplicate, and the qQRT-PCR results were obtained using the 2744
method and were normalized to -actin.

Enzyme-linked immunosorbent assay
(ELISA)

The levels of IL-4, IL-13, IL-17A, and TGF-f; in the BALF were
determined by ELISA with commercial kits
United States), in accordance with instructions of the
manufacturer. OVA-specific IgE (sIgE) and OVA-specific IgG,
(sIgG;) were measured by indirect ELISA (Tian et al, 2018).
Briefly, the 96-well plates were coated with 100ng OVA
overnight at 4°C, blocked at room temperature for 1h, and

(eBioscience,

100 uL murine serum (diluted 5 times) was added to each well
for 2 h. Peroxidase-conjugated rat anti-mouse IgE and IgG; (1:
2000 dilution, Southern Biotech, United States) were added to
well for 1h (37°C), and then 100 pL/well
tetramethylbenzidine was added to develop. After being stopped
by 2M H,SO, (50 pL/well), the results were measured by an
absorbance microplate reader (BioTek, United States) at 450 nm.

each

Statistical methodology

The data were represented as means + SD from at least three
independent experiments. Statistical analyses were performed using
a non-paired t-test for comparing two groups, and multiple
comparisons were carried out with ANOVA, followed by
Dunnett’s test or the Bonferroni test for those with more than
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two groups. p < 0.05 was considered statistically significant. All data
were analyzed by the SPSS 21.0 software.

Results

Characterization of magnolol-loaded
PLGA-PEG nanoparticles

We prepared the magnolol-loaded nanoparticles with PLGA-
PEG and PLGA as carriers (Figure 1A), and their average particle
size and zeta potential are shown in Figure 1B. The average particle
size and zeta potential of PLGA-PEG-magnolol were 230 nm and
12.5 mV, respectively. The average particle size and zeta potential of
PLGA-magnolol were 290 nm and 14.5mV, respectively. The
encapsulation efficiency of PLGA-PEG to magnolol was 90.5% =+
5%, and PLGA to magnolol was 90.2% * 4%.

Magnolol-loaded PLGA-PEG nanoparticles
migrate allergen-induced AHR

AHR is a fundamental hallmark of asthma (Holgate et al., 2015).
In order to investigate whether the magnolol-loaded nanoparticles
improved lung function in asthmatic mice, we assessed AHR by
methacholine exposure 24h after the last OVA challenge
(Figure 2B). The enhanced pause (Penh) scores of the OVA
model (OVA) group and the two drug-free vehicle nanoparticle
(PLGA and PLAG-PEG) groups were increased in a dose-dependent
manner as compared to the saline control (CTRL) group. However,
AHR was significantly inhibited in the magnolol-treated (MG)
group and the two magnolol-loaded nanoparticles (PLGA-MG
and PLGA-PEG-MG) groups. Moreover, among the three groups,
the PLGA-PEG-MG group exhibited the lowest Penh levels. These
data show that magnolol-loaded PLGA-PEG nanoparticles
markedly inhibit OVA-induced AHR.

Magnolol-loaded PLGA-PEG nanoparticles
alleviate OVA-induced lung inflammation

The lung tissues and bronchoalveolar lavage fluid (BALF) were
collected 24h after the last OVA exposure. To evaluate the
inflammatory infiltration, the lung tissues were stained with H&E
(Figure 3A) and scored in a blinded fashion (Figure 3B). The
number of infiltrating inflammatory cells was also evaluated on
the HE-stained sections (Figure 3C). Compared to the OVA group,
the inflammatory cell infiltration in the lungs was reduced in PLGA-
PEG-MG group, PLGA-MG group, and MG group. The PLGA-
PEG-MG group had less inflammatory infiltration in the lungs
compared to the PLGA-MG group and MG group. In the
meantime, the counts of total cells, eosinophils, and lymphocytes
in the BALF upon OVA exposure were also decreased significantly
after the treatments of magnolol-loaded nanoparticles and magnolol
alone (Figure 3D). Of these, the treatment of the magnolol-loaded
PLGA-PEG nanoparticles exhibited the most pronounced reduction
in inflammatory cell numbers. However, the mice treated with drug-
free nanoparticles did not display the similar reduction of
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FIGURE 3

Magnolol-loaded PLGA-PEG nanoparticles alleviate OVA-induced lung inflammation. (A) Representative histological images of lungs by H&E
staining (Magnification: x200). (B,C) Inflammation scores (B) and numbers of inflammatory cells (C) estimated from lung tissues with H&E staining. (D)
Counts of total cells, eosinophils, lymphocytes, and neutrophils in the BALF. The data are shown as means + SD from six individual mice. CTRL: saline
control group; OVA: OVA model group; PLGA: drug-free PLGA nanoparticle group; PLAG-PEG: drug-free PLGA-PEG nanoparticle group; PLGA-

MG: magnolol-loaded PLGA nanoparticle group; PLGA-PEG-MG: magnolol-loaded PLGA-PEG nanoparticle group; MG: magnolol group. *p <

0.05 versus OVA group, **p < 0.05 versus magnolol-loaded PLGA-PEG nanoparticle group.

inflammatory cell infiltration both in the lungs and BALF. These
findings indicate that magnolol-loaded PLGA-PEG nanoparticles
attenuate OVA-induced lung inflammation.

Magnolol-loaded PLGA-PEG nanoparticles
inhibit OVA-induced airway mucus
hypersecretion

Excessive mucus in asthma obstructs airflow, leading to severe
and potentially fatal outcomes (Holgate et al., 2015). A previous
study suggested that chronic allergen exposure promotes goblet cell
hyperplasia and mucin overproduction (Southam et al.,, 2008). We
first observed the impact of the magnolol-loaded nanoparticles on
aspects of goblet cell hyperplasia by PAS staining (Figures 4A, B).
The PAS-positive cells were readily seen in the OVA group and the
two drug-free nanoparticle groups, but they were much less
apparent in the PLGA-PEG-MG group, PLGA-MG group, and
MG group. Furthermore, the number of positively stained cells
was significantly lower in the PLGA-PEG-MG group than those of
the PLGA-MG group and MG group. We then determined the
Muc5ac expression levels in the lungs via qRT-PCR (Figure 4C).
Consistently, the expression of Muc5ac induced by OVA exposure
was dramatically inhibited by treatments with magnolol-loaded
nanoparticles and magnolol alone. In particular, the PLGA-PEG-
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MG group had the lowest expression of Muc5ac. Treatment with
drug-free nanoparticles had no effect on the PAS-positive cell
number and Muc5ac expression. These results suggest that
magnolol-loaded PLGA-PEG nanoparticles reduce OVA-induced
goblet cell hyperplasia and mucin hyperproduction.

Magnolol-loaded PLGA-PEG nanoparticles
suppress OVA-induced peri-bronchial
collagen deposition

Airway remodeling contributes to the progressive loss of lung
function in asthma (Li et al, 2013). Collagen deposition is an
acknowledged feature of airway remodeling during asthma
(Ramis et al,, 2022). Using Masson’s trichrome staining (Figures
5A, B), we found that chronic OVA exposure increased the
deposition of collagen around the airways, and these increases
were attenuated in the PLGA-PEG-MG group, PLGA-MG group,
and MG group. Furthermore, the PLGA-PEG-MG group had the
greatest inhibition in the three treatments. Meanwhile, the
expression of Collal was evaluated by qRT-PCR (Figure 5C).
Consistently, the treatments of magnolol-loaded nanoparticles
and magnolol alone suppressed the enhanced levels of Collal in
OVA-exposed mice. Compared with the magnolol-loaded PLGA
nanoparticles and magnolol-treated mice, the levels of Collal
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FIGURE 4

Magnolol-loaded PLGA-PEG nanoparticles inhibit OVA-induced airway mucus hypersecretion. (A) Representative histological images of lungs by

PAS staining (Magnification: x400). (B) Scoring for PAS-positive mucus-producing cells from lung tissues. (C) gRT-PCR determination of mRNA levels for
Muc5ac. The data are shown as means + SD from three individual mice. CTRL: saline control group; OVA: OVA model group; PLGA: drug-free PLGA
nanoparticle group; PLAG-PEG: drug-free PLGA-PEG nanoparticle group; PLGA-MG: magnolol-loaded PLGA nanoparticle group; PLGA-PEG-MG:
magnolol-loaded PLGA-PEG nanoparticle group; MG: magnolol group. *p < 0.05 versus OVA group, **p < 0.05 versus magnolol-loaded PLGA-PEG
nanoparticle group.
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FIGURE 5

Magnolol-loaded PLGA-PEG nanoparticles suppress OVA-induced peri-bronchial collagen deposition. (A) Representative histological images of
lungs by Masson'’s trichrome staining (Magnification: x400). (B) Peri-bronchial collagen deposition scores estimated from lung tissues with Masson’s
trichrome staining. (C) gRT-PCR determination of mMRNA levels for Collal. The data are shown as means + SD from three individual mice. CTRL: saline
control group; OVA: OVA model group; PLGA: drug-free PLGA nanoparticle group; PLAG-PEG: drug-free PLGA-PEG nanoparticle group; PLGA-

MG: magnolol-loaded PLGA nanoparticle group; PLGA-PEG-MG: magnolol-loaded PLGA-PEG nanoparticle group; MG: magnolol group. *p <

0.05 versus OVA group, **p < 0.05 versus magnolol-loaded PLGA-PEG nanoparticle group.
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FIGURE 6

Magnolol-loaded PLGA-PEG nanoparticles reduce OVA-

induced specific immunoglobulin levels in serum. (A,B) OVA-specific
IgE (A) and OVA-specific IgG; (B) levels in serum by indirect ELISA. The
data are shown as means + SD from six individual mice. CTRL:
saline control group; OVA: OVA model group; PLGA: drug-free PLGA
nanoparticle group; PLAG-PEG: drug-free PLGA-PEG nanoparticle
group; PLGA-MG: magnolol-loaded PLGA nanoparticle group; PLGA-
PEG-MG: magnolol-loaded PLGA-PEG nanoparticle group; MG:
magnolol group. *p < 0.05 versus OVA group, **p < 0.05 versus
magnolol-loaded PLGA-PEG nanoparticle group.

mRNA were significantly decreased in the magnolol-loaded PLGA-
PEG nanoparticles-treated mice. In addition, no significant
inhibition of either collagen deposition or Collal expression was
observed in drug-free nanoparticles-treated mice. These results
demonstrate that PLGA-PEG nanoparticles containing magnolol
suppress collagen deposition induced by chronic OVA exposure.

Magnolol-loaded PLGA-PEG nanoparticles
reduce OVA-induced specific
immunoglobulin levels in serum

Serum was collected 24 h after the last OVA challenge, and then
OV A-specific IgE (sIgE) (Figure 6A) and OVA-specific IgG1 (sIgG;)
(Figure 6B) levels were determined via ELISA. OVA exposure with or
without administration of empty nanoparticles led to a marked
elevation in the levels of sIgE and sIgG; as compared with the
control mice. These elevations were suppressed by the magnolol-
loaded PLGA-PEG PLGA
nanoparticles, and magnolol. The suppression of the magnolol-
loaded PLGA-PEG nanoparticles was greater than those of the
magnolol-loaded PLGA nanoparticles and magnolol. These findings

nanoparticles,  magnolol-loaded
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indicate that magnolol-loaded PLGA-PEG nanoparticles decrease
OVA-induced sIgE and sIgG; secretion in serum.

Magnolol-loaded PLGA-PEG nanoparticles
regulate OVA-induced cytokine production

The levels of cytokines in the BALF were measured with ELISA.
We observed a robust reduction of IL-4 (Figure 7A), IL-13
(Figure 7B), TGF-B; (Figure 7C), and IL-17A (Figure 7D) levels
in the magnolol-loaded nanoparticles and magnolol-treated animals
compared to the OVA-exposed animals. Meanwhile, the
concentrations of IL-4, IL-13, TGF-f;, and IL-17A in the PLGA-
PEG-MG mice were significantly lower compared to the PLGA-MG
mice and MG mice. These results suggest that magnolol-loaded
PLGA-PEG nanoparticles decrease IL-4, IL-13, TGF-p;, and IL-17A
expression during OVA-induced airway inflammation.

Discussion

Here, we successfully constructed magnolol-loaded PLGA-PEG
through  the
evaporation method. The

w/o/w  double emulsion-solvent
results showed that the
hydrodynamic size of the magnolol-loaded PLGA-PEG nanoparticles

nanoparticles
mean

was about 200.1-260.2 nm in diameter. This property is excellent for
passive targeting to the sites of inflammation. Moreover, the size
distribution of the magnolol-loaded nanoparticles was comparatively
narrow, which is conducive for magnolol delivery.

Allergic airway inflammation is mainly orchestrated by type
2 cytokines such as IL-4 and IL-13, and it is marked by the massive
infiltration of eosinophils (Holgate et al., 2015). Activation of the IL-4/IL-
13 pathway promotes profound airway hyperresponsiveness (Manson
et al, 2020). Inhibition of IL-4 and IL-13 significantly reduces IgE
secretion in response to allergen challenge and further improves the
infiltration of inflammatory cells in the airways (Castro et al,, 2018). In
an acute allergic mouse model, Huang et al. found that magnolol
decreased cellular infiltration in the lungs, levels of IL-4 and IL-13 in
the BALF, and sIgE levels in serum induced by an allergen (Huang et al,,
2019). In this study, accompanied by high levels of IL-4, IL-13, and
allergen-specific immunoglobulins, AHR and the number of eosinophils
increased significantly in the lungs of chronic OVA-exposed mice. The
treatments of magnolol-loaded PLGA-PEG nanoparticles, magnolol-
loaded PLGA nanoparticles, and magnolol effectively mitigated these
pathological changes. As expected, the magnolol-loaded PLGA-PEG
nanoparticles successfully exhibited a more dramatic effect on the
inhibition of AHR and type 2 cytokine-mediated airway
inflammation, indicating a therapeutic potential of PLGA-PEG
nanoparticles coated with anti-inflammatory drugs in allergic diseases.

Airway remodeling is a prominent clinical feature of severe asthma
and may be responsible for the failure of standard anti-asthmatic
therapy (Hirota and Martin, 2013). On the one hand, goblet cell
hyperplasia and mucus hypersecretion are critical features of airway
remodeling, leading to airway plugging and an increased risk of
mortality (Boonpiyathad et al., 2019). Type 2 cytokines such as IL-
13 promote hyperplasia of the goblet cell and hypersecretion of mucins
including MUC5AC in asthmatics (Conde et al, 2021). Here, in
addition to inhibition of type 2 cytokines, we also found that
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Magnolol-loaded PLGA-PEG nanoparticles regulate OVA-induced cytokine production. (A—=D) IL-4 (A), IL-13 (B), TGF-f, (C), and IL-17A (D) levels in
the BALF by ELISA. The data are shown as means + SD from six individual mice. CTRL: saline control group; OVA: OVA model group; PLGA: drug-free
PLGA nanoparticle group; PLAG-PEG: drug-free PLGA-PEG nanoparticle group; PLGA-MG: magnolol-loaded PLGA nanoparticle group; PLGA-PEG-MG:
magnolol-loaded PLGA-PEG nanoparticle group; MG: magnolol group. *p < 0.05 versus OVA group, **p < 0.05 versus magnolol-loaded PLGA-PEG

nanoparticle group.

magnolol-loaded PLGA-PEG nanoparticles exhibited a greater
improvement of goblet hyperplasia and MUC5AC overproduction
than those of magnolol-loaded PLGA nanoparticles and magnolol.
On the other hand, the chronic deposition of collagen fibers thickened
the air-blood barrier, contributing to an irreversible decrement in lung
function (Hirota and Martin, 2013). TGF-, is a member of the family
of growth factors of crucial importance in fibrogenesis, and it plays an
integral role in airway remodeling (Ojiaku et al.,, 2017). In the present
study, peri-bronchial collagen deposition induced by allergen exposure
was apparently decreased by the administration of magnolol-loaded
nanoparticles and magnolol. The effects of magnolol-loaded PLGA-
PEG nanoparticles were found to be much better than those of
magnolol-loaded PLGA nanoparticles and magnolol alone. It was
further confirmed by the observation that magnolol-loaded PLGA-
PEG nanoparticles effectively downregulated TGF-B; production in the
lungs.

In addition, Th17 cells have emerged as an independent subset
of CD4" T-help cells. Th17 cells synthesizing IL-17A have been
shown to play a crucial role in the induction of inflammatory
diseases (Saviano et al, 2022). Accumulating evidence suggests
that activation of the IL-17-producing cells is associated with the
development of severe forms of asthma (Xie et al., 2022). A previous
study showed that magnolol exerts anti-inflammatory effects when
reducing the serum levels of IL-17 and IL-6 in a rat colitis model
(Zhang et al., 2018). Another study showed that magnolol reduced
the Th17 cell population and effectively modulated the JAK-STAT
and Notch-1 signaling (Huang et al.,, 2019). Consistently, it had been
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also shown in the present study that magnolol-loaded PLGA-PEG
nanoparticles remarkably suppressed the IL-17A expression in lungs
and had a more potent effect than magnolol-loaded PLGA
nanoparticles and magnolol alone.

In conclusion, we constructed PLGA-PEG nanoparticles as a
magnolol delivery system and developed an OVA-induced chronic
asthma murine model to evaluate the anti-inflammatory effects of
these drug-loaded nanoparticles. Our results proved that magnolol-
loaded PLGA-PEG nanoparticles
allergen-induced

could effectively suppress

airway hyperactivity, airway eosinophilic
inflammation, airway collagen deposition, and airway mucus
hypersecretion. magnolol-loaded PLGA-PEG

nanoparticles have a better therapeutic effect on OVA-induced

Furthermore,

asthmatic phenotypes than magnolol-loaded PLGA nanoparticles
and magnolol alone, which may be due to their greater
hydrophilicity, stability, and passive targeting effects. It should be
acknowledged, however, that our study is limited by the OVA-
induced model, which does not mimic the natural route of exposure
to allergens. Future studies with more relevant allergic models, such
as fungi and dust mites, are needed to validate and expand upon our
findings.
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A novel drug delivery system for the treatment of oral cancer was developed using
a facile polydopamine (PDA)-based surface modification and a binding
mechanism linking folic acid-targeting ligands. The system was able to achieve
the following objectives: loading of chemotherapeutic agents, active targeting,
pH responsiveness, and prolonged in vivo blood circulation. DOX-loaded
polymeric nanoparticles (DOX/H20-PLA@PDA NPs) were functionalized with
amino-poly (ethylene glycol)-folic acid (HoN-PEG-FA) after coating them with
PDA to form the targeting combination, DOX/H20-PLA@PDA-PEG-FA NPs. The
novel NPs exhibited drug delivery characteristics similar to DOX/H20-PLA@ PDA
NPs. Meanwhile, the incorporated H,N-PEG-FA contributed to active targeting, as
illustrated in cellular uptake assays and animal studies. In vitro cytotoxicity and in
vivo anti-tumor studies have shown that the novel nanoplatforms exhibit
extremely effective therapeutic effects. In conclusion, the multifunctional PDA-
modified H20-PLA@PDA-PEG-FA NPs offer a promising chemotherapeutic
strategy to improve the treatment of oral cancer.

KEYWORDS

cancer nanotechnology, polydopamine, surface modification, oral cancer, synergistic
therapy

Introduction

Approximately 4% of cancers occur in the oral cavity or oropharynx (Nandini et al.,
2020). According to statistics, there were about 355,000 cases of oral cancer worldwide in
2018. The number of oral cancer patients in 2020 increased by about 53,260 new cases
worldwide from the previous year, and as of the same year, the number of deaths was about
10,750 more than in previous years (Mosaddad et al., 2021). Among oral malignancies,
squamous cell carcinoma (SCC) is the most common pathologic classification in the clinical
field, and the number of cases of tongue squamous cell carcinoma (TSCC) has been
increasing year by year in recent decades (da Silva Souto et al, 2021). At present, the
main treatment method for oral cancer is still radical surgery (Marcazzan et al., 2018). Some
postoperative patients have to accept postoperative radiotherapy and chemotherapy due to
an insufficient pathological evaluation margin and a highly malignant pathological
classification (Huang and O’Sullivan, 2013). To remove cancer cells as thoroughly as
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possible, radical surgery requires a uniform expansion of the
resection of the surrounding normal tissue. Therefore, a large
number of patients have postoperative maxillofacial deformities,
which may lead to the loss of speech, chewing, taste, or other basic
functions (Sun et al., 2020). Despite the development of modern
medicine, we can repair excised soft tissues with vascularly
anastomosed musculocutaneous flap grafts (Girhe et al, 2021),
but the appearance and function after the repair are still
unsatisfactory. The failure of radiotherapy to target cancer cells
leads to non-specific cell death, and many patients experience
complications such as mucositis, osteomyelitis, mouth ulcers, and
rampant dental caries (Minhas et al., 2017). Chemotherapeutic
drugs also have toxic effects on normal cells, and their mode of
drug delivery makes them have non-specific tissue distribution in
the body, which is easy to cause greater damage to the healthy tissues
of the body and produces serious adverse reactions (Zhang et al.,
2020).

Breast cancer, lung cancer, cervical cancer, ovarian cancer,
prostate cancer, and pancreatic cancer have all been successfully
treated in nanomedicine research, and several nanoplatforms have
even received clinical approval (Shi et al., 2017; Duo et al., 2018; Zeng
et al,, 2018; Banstola et al., 2019; Zeng et al., 2019; Yang et al., 2022).
Due to the high incidence and poor prognosis of oral squamous cell
carcinoma (Li et al, 2020), at present, a variety of effective carrier
systems based on nanotechnology have been widely studied as a
treatment for oral squamous cell cancer (Gharat et al, 2016).
However, there are still no approved nanoplatforms for the clinical
treatment of oral cancer. Nanomedicine platforms can also achieve
synergistic anticancer therapy, such as chemotherapy combined with
photothermal therapy (Liu et al., 2018; Peng et al., 2018; Li et al., 2021;
Li et al,, 2022), photodynamic therapy (Tao et al., 2018; Mo et al.,
2022), immunotherapy (Liang et al, 2020; Jia et al, 2022),
photothermal therapy combined with immunotherapy (Zeng et al.,
2022), and more. These are conducive to improving the cure rate of
malignant tumors. Phototherapies, including photodynamic therapy
(PDT) and photothermal therapy (PTT), are non-invasive techniques
for cancer treatment. Broadly speaking, phototherapies involve two
major steps: first, the delivery of a phototherapeutic agent to tumors,
and second, the irradiation of the tumor sites with specific light to
activate the phototherapeutic agent. However, most of the reported
photosensitizers are highly hydrophobic and cannot be directly
applied for treatment purposes (Abbas et al., 2017). Nanomedicine
delivery vehicles are promising for loading the photosensitizers into
nanoparticles, ensuring that the photosensitizers are stable in an
aqueous solution, and also providing better accumulation in tumor
tissues through the enhanced permeability and retention (EPR) effect
(Zhou et al., 2015; Abbas et al., 2017; Abbas et al., 2018). The vast
majority of oral cancers arise from mutations in the oral mucosa or
epithelium (Scully and Bagan, 2009), and the lesion is located at the
exposed oral site. In superficial local solid tumors, photothermal
therapy has been shown to have strong killing effects (Zhang et al.,
2019). Therefore, the use of photothermal therapy in the treatment of
tumors at exposed oral sites is of great significance for the research.
Early stages of oral cancer usually present with persistent oral ulcers,
oral masses, or other obvious premalignant lesions (Brandizzi et al.,
2008), which contributes to the early detection of lesions. Therefore,
the strong killing of local tumor cells by photothermal therapy and
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targeted chemotherapy can achieve a radical cure for oral cancer in the
early stage of the disease and reduce adverse reactions to the body.

The following benefits of polydopamine surface modification
make it suitable for different nanoparticle drug carriers: to begin
with, PDA membranes contain a dense, cross-linked fabric that
increases the stability of nanoparticles (NPs) in vivo and prevents
early drug release (Park et al., 2014; Zeng et al., 2018; Ci et al., 2019).
Furthermore, the abundant quinone groups on the surface of PDA
readily react with amino-containing and thiol-containing substances,
enabling surface modifications such as binding to PEG and tumor-
targeting ligands (Park et al,, 2014; Tao et al., 2016; Zhu et al., 2016;
Cheng et al., 2017a). Additionally, the PDA surface effectively adsorbs
drugs, especially doxorubicin (DOX) (Chang et al., 2016; Cheng et al.,
2017b; Liu et al, 2019). Finally, PDA has a high near-infrared
photothermal energy conversion efficiency, which suggests that it
is a promising and effective phototherapeutic agent (Cheng et al.,
2017¢; Peng et al,, 2018; Zeng et al., 2018).

In addition to passive targeting through EPR effects or active
targeting, NPs can increase drug efficacy by improving drug
encapsulation and delivery, prolonging cycle half-life, and
constantly targeting drug release (Luk and Zhang, 2014; Wei
et al, 2016). NPs serve as customizable targeted drug delivery
carriers to deliver chemotherapeutic drugs or therapeutic genes
to tumor cells. Lower doses of toxic substances can be used
because the drug is delivered directly to the target tissue (Poonia
et al,, 2017). NPs can improve drug stability and control their
targeted delivery, thus maintaining constant and uniform
concentrations at the lesion site and promoting drug
extravasation into the tumor system, thereby reducing side
effects. Nanoparticles loaded with photosensitizers can reach the
most sensitive subcellular sites, with the ability to treat superficial
oral cancers or premalignant lesions (Calixto et al., 2014).

This paper aims to investigate the use of DOX/H20-PLA@PDA-
PEG-FA for synergistic chemotherapy and photothermal therapy of
oral cancer, which may lead to the development of new oral cancer
therapeutic approaches with relatively low side effects.

Methods
Characterization of NPs

Transmission electron microscopy image

The prepared NPs were resuspended in ethanol, treated with
ultrasound to spread them uniformly, and added dropwise to the
copper mesh coated with carbon film. After the samples were dried,
the surface morphology of the NPs (DOX/H20-PLA NPs, DOX/
H20-PLA@PDA-PEG-FA) was observed by transmission electron
microscopy.

Fourier transform infrared spectroscopy (FT-IR)
analysis

The Fourier transform infrared spectra of NPs (DOX/H20-PLA,
DOX/H20-PLA@PDA, DOX/H20-PLA@PDA-PEG, DOX/H20-
PLA@PDA-PEG-FA) were recorded to analyze the elemental
composition of the nanoparticle surface and the chemical
modification of the surface.
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FIGURE 1

(A) Schematic illustration of the preparation procedure of the targeted DOX/H20-PLA@PDA-PEG-FA NPs, (B) TEM images of DOX/H20-PLA NPs, (C)

DOX/H20-PLA@PDA-PEG-FA NPs.

Size distribution and zeta potential (size and zeta
potential)

The prepared NPs were resuspended in DI water and treated with
ultrasound to spread them uniformly. Dynamic light scattering (DLS)
was performed to evaluate the NPs (DOX/H20-PLA, DOX/H20-PLA@
PDA, DOX/H20-PLA@PDA-PEG, DOX/H20-PLA@PDA-PEG-FA) in
terms of particle size distribution and zeta potential. All experiments
were repeated three times independently, and the means were taken.

Drug loading content

The supernatant collected from each of the above steps was
used to establish the drug loading of the NPs. The drug
concentration was calculated by high-performance liquid
chromatography (HPLC). For DOX, the mobile phases were
phosphate buffer, methanol, and acetonitrile (30:20:50, v/v) at
a flow rate of 1 mL/min with 20 pL per injection, and DOX was
detected at 233 nm using an ultraviolet-visible (UV-Vis)
detector. The LC (%) was calculated from the drug standard
curve using the following equation.

Weight of DOX in NPs

LC(%) =
Cc %) Weight of NPs

x 100% (1)

Evaluation of the photothermal effect

To evaluate the photothermal properties of the modified nano-drug
delivery systems, various NPs (200 pg/mL) and PBS, which were the
blank controls, were irradiated under the 808 nm laser with a laser
intensity of 1.0 W/cm” for 10 min. Then, the DOX/H20-PLA@PDA-
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PEG-FA NPs at concentrations of 50, 100, 200, and 500 pg/mL were
irradiated under the 808 nm laser with a laser intensity of 1.0 W/cm?® for
10 min. To determine the influence of different laser power densities on
the photothermal effect, the DOX/H20-PLA@PDA-PEG-FA NPs
(200 ug/mL) were irradiated for 10 min under a laser intensity of
0.5, 1.0, 1.5, and 2.0 W/cm?, respectively. Finally, to investigate the
stability of DOX/H20-PLA@PDA-PEG-FA NPs, they were irradiated
for five cycles under a laser intensity of 1.0 W/cm?, and each cycle was
irradiated for 10 min and then cooled for 10 min. In all experiments,
the temperature changes were recorded by a near-infrared imaging
camera (Ti 450, Fluke, US), and the temperature curves were plotted.

Cell viability study

An MTT assay was used to ascertain the cytotoxicity of NPs on SCC-
9 cells and TCA-8113 cells. After the SCC-9 cells and the TCA-8113 cells
were seeded into a 96-well plate at a concentration of 1 x 10° cells/wells,
respectively, they were cultured overnight. The drug-loaded NPs (DOX/
H20-PLA@PDA-PEG and DOX/H20-PLA@PDA-PEG-FA) at DOX
concentrations of 0, 0.1, 1, 5, and 10 pug/mL were added and cultured
for another 24 h and 48 h. Then MTT solution (20 pL, 5 mg/mL) was
added to each well, and the cells were cultured for an additional 4 h. The
media containing MTT was aspired after 4 h. Then the DMSO was
dropped into each well and the crystals were allowed to dissolve for 2 h in
the dark at 37°C. The optical density value of each well was detected using
a microplate reader at a wavelength of 490 nm. The control group (drug-
free H20-PLA@PDA-PEG-FA NPs) represented zero absorbance. Cell
viability was evaluated by MTT at each time point. In addition, the
toxicity of the above-mentioned drug-loaded NPs to the target cells after
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FIGURE 2

(A) Temperature variation curves of the aqueous dispersions of PBS, DOX/H20-PLA NPs, DOX/H20-PLA@PDA NPs, and DOX/H20-PLA@PDA-PEG-
FA NPs (200 pg/mL) exposed to an 808 nm laser at a power density of 1.0 W/cm? for 10 min. (B) Temperature variation curves of DOX/H20-PLA@PDA-
PEG-FA NPs with different concentrations. (C) Temperature variation curves of DOX/H20-PLA@PDA-PEG-FA NPs (200 pg/mL) under different power
intensities. (D) Temperature variation curves of DOX/H20-PLA@PDA-PEG-FA NPs (200 pg/mL) with five cycles of consecutive laser irradiation.

laser irradiation was compared. Cell viability data compared to control
subjects were examined by curve fitting,

Animals and tumor model

Female nude mice (BALB/c-nude, 4-5 weeks old) were purchased
from the Guangdong Medical Laboratory Animal Center (China), and
all in vivo experimental protocols were approved by the Institutional
Animal Care and Use Committee of Sun Yat-sen University (Approval
No. SYSU-IACUC-2022-000836). After 1-2 weeks of culture in a
specific pathogen-free (SPF) grade laboratory chamber, each mouse
(18-20 g) was injected with 100 pL suspended SCC-9 cells (2 x 10° cells)
in PBS to establish the cell xenograft model. The tumor volume (V) was
measured with a vernier caliper and then calculated by aliquot: V =
AxB*/2, where A and B refer to the length and width of the tumor,
respectively.

In Vivo anti-tumor efficacy

After the tumor volume was increased to 200 mm?, the mice
were randomly divided into 6 groups (n = 5). Intravenous saline was
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administered as a control. Every 4 days (0, 4, 8, 12, 16), each group of
nude mice was injected separately with 100 pL saline, drug-free H20-
PLA@PDA-PEG-FA, DOX, and drug-loaded NPs (DOX/H20-
PLA@PDA-PEG, DOX/H20-PLA@PDA-PEG-FA) via the tail
vein a DOX density of 10mg/kg. In addition, the
photothermal group was irradiated after each injection of DOX/
H20-PLA@PDA-PEG-FA NPs. The tumor volume was recorded
every 1 day with a caliper, and its weight was measured once. Mice
were sacrificed after 20 days of treatment, and their tumor tissues
were isolated and weighed. Major organs (heart, lung, liver, spleen,
and kidney) and tumors were then collected and fixed in 10% neutral
formalin for histological analysis. After paraffin embedding, tissues,
and samples were cut into approximately 4 um sections and

at

analyzed by light microscopy after staining with hematoxylin and
eosin (H&E).

Results and discussion
Synthesis of polymeric NPs

The preparation of the dendritic copolymer H20-PLA by ring-
opening polymerization is shown in Supplementary Figure S1. As
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FIGURE 3

In vitro drug release profiles of DOX/H20-PLA@PDA-PEG-FA
NPs at different pH with or without NIR laser irradiation (808 nm,
1.0W/cm?). |: NIR irradiation for 10 min.

shown in Figure 1A, the preparation process of the target NPs
mainly included the loading with the broad-spectrum anticancer
(DOX), the
polydopamine, and the attachment of the targeting ligands.

drug  doxorubicin surface modification  of
Under weakly alkaline conditions, dopamine monomers were
oxidized to quinones and polymerized to form polydopamine to
adhere to the surface of the nanoparticles, which was useful to
achieve both targeting ligand attachment and anticancer drug
adsorption with good photothermal efficiency (Scully and Bagan,
2009). H,N-PEG-FA was used as the targeting ligand and attached
to the polydopamine on the nanoparticle surface via the Michael
addition reaction under alkaline conditions. The DOX/H20-PLA@
PDA-PEG-FA NPs were obtained as a targeted nano-delivery
system for combined chemotherapy and photothermal therapy.

Characterization of polymeric NPs

According to Figures 1B,C and Supplementary Figure S2, both
DOX/H20-PLA NPs and DOX/H20-PLA@PDA-PEG-FA NPs were
observed as smooth nanospheres under transmission electron
microscopy. The DOX/H20-PLA@PDA-PEG-FA NPs had an
apparent core-shell structure, demonstrating that the PDA layer
was deposited on the surface of the NPs (Liu et al, 2019). As
evidence, Supplementary Figure S3 showed that: 1) the FT-IR
spectra of all NPs can be found with absorption peaks at
1760 cm™', representing the carbonyl group in H20-PLA; 2) the
absorption peak at 1,510 cm™ is attributed to the bending vibration
of N-H; and 3) the broad absorption between 3,600 cm™ and
3,300 cm™ is due to the stretching vibration of the N-H/O-H
group. The above results suggest that the surface of the NPs is
modified with PDA in addition to PEG or PEG-FA.

Both the size and zeta potential of NPs are essential for their
stabilization and EPR effects (Bertrand et al, 2014; Sykes et al,
2014). NPs in the 10-200 nm diameter range are most likely to be
taken up by tumor tissue through the EPR effects (Sykes et al., 2014;
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Liu et al., 2019). Dynamic light scattering (DLS) was used to
determine the size and size distribution of the nanoparticles. As
illustrated in Supplementary Table SI and Supplementary Figure 54,
the average diameters of the drug-loaded NPs (DOX/H20-PLA NPs,
DOX/H20-PLA@PDA NPs, DOX/H20-PLA@PDA-PEG NPs and
DOX/H20-PLA@PDA-PEG-FA NPs) were approximately in the
range of 100-160 nm, respectively. The low polydispersity index
(PDI <0.2) indicates that they have a relatively uniform size
distribution, which facilitates drug delivery in vivo. The zeta
potentials of NPs were negative, which facilitated prolonged
cycling before tumor tissue enrichment (Zhu et al.,, 2015; Linlin
et al.,, 2016). After surface modification of DOX/H20-PLA NPs with
polydopamine, the zeta potential was still negative. This is probably
explained by the deprotonation of the phenolic hydroxyl group of
polydopamine at neutral pH (Yu et al.,, 2010; Kim et al., 2014). The
modified hydrophilic PEG segment reduced the absolute value of the
zeta potential due to the surface charge shielding effect (Chen et al.,
2017). According to the test results, the drug loading of the NPs was
greater than 8.4%, indicating that the nanoparticles’ surface
modification did not significantly reduce the drug loading and
the drug-loaded NPs had a good level of drug loading.

When NPs are temporarily stored after preparation, they appear
to aggregate depending on the decrease in the absolute value of the
zeta potential. Maintaining the stability of NPs is essential for
therapeutic efficacy. Their average size and zeta potential were
examined every 10 days after preparation to observe the stability
of the drug-loaded NPs under storage conditions. As shown in
Supplementary Figure S5, the size and zeta potential of the NPs did
not change significantly during storage (90 days), and the data
suggest that the NPs are quite stable.

Photothermal effect and drug release profiles
of NPs

As shown in Figure 2A, the temperature of DOX/H20-PLA@
PDA NPs and DOX/H20-PLA@PDA-PEG-FA NPs rapidly
increased by more than 25°C within 10 min under irradiation at
an intensity of 1.0 W/cm®. In contrast, the temperature of PBS and
DOX/H20-PLA NPs under the same conditions showed no
significant change. The results indicate that the drug-loaded
(DOX/H20-PLA NPs)
photothermal properties by themselves but have photothermal

polymer nanoparticles do not have
conversion properties after their PDA surface modification. This
is also consistent with many previous studies showing that PDA has
obvious NIR absorption and better photothermal conversion
efficiency. In addition, as shown in Figures 2B,C, both power
intensity and nanoparticle concentration also affected the
photothermal efficiency of NPs. For example, as the power
intensity of the layer increased from 0.5 to 2.0 W/cm®, the
temperature of 200 pg/mL DOX/H20-PLA@PDA-PEG-FA NPs
increased rapidly, or as the nanoparticle concentration increased
from 50 to 500 pg/mL, the temperature of DOX/H20-PLA@PDA-
PEG-FA NPs at the laser intensity of 1.0 W/cm? also increased
rapidly. Therefore, DOX/H20-PLA@PDA-PEG-FA NPs exhibited
photothermal efficiency depending on laser power intensity and
concentration. 200 ug/mL DOX/H20-PLA@PDA-PEG-FA NPs
were irradiated for 5 on/off cycles at a laser intensity of 1.0 W/
cm’. In each cycle, irradiation was performed for 10 min followed by
cooling for 10 min. Through cycling experiments (Figure 2D), we
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found that the temperature change of DOX/H20-PLA@PDA-PEG-
FA NPs is not significant, which indicates that DOX/H20-PLA@
PDA-PEG-FA NPs have good photothermal stability. In conclusion,
DOX/H20-PLA@PDA-PEG-FA NPs may become a promising
potential photothermal cancer therapy.

The NPs will be exposed to different microenvironments whose
pH values are quite different during in vivo delivery, such as
pH~7.4 in the bloodstream and pH~5.0 in the lysosome. The
drug release curves of DOX/H20-PLA@PDA-PEG-FA NPs in the
medium of pH = 7.4/5.0 were shown in Figure 3. The results
indicated that the DOX release curves of DOX/H20-PLA@PDA-
PEG-FA NPs showed obvious pH responsiveness and the laser
irradiation dependence. All of the above drug release curves
displayed an explosive release of DOX in the primary stage and
then entered a slow-release stage. After 14 days, the final drug release
levels were approximately 75% and 50% at pH 5.0 and pH 7.4,
respectively, which was probably attributable to the shedding of the
PDA film from the acidic environment. This facilitated the release of
DOX. Furthermore, the DOX/H20-PLA@PDA-PEG-FA NPs
enhanced the drug release by about 10%-15% each time under
laser irradiation, which may be attributed to the photothermal effect
of PDA. It may reduce premature DOX release during cycling and
increase specific release in the acidic tumor microenvironment due
to this pH responsiveness and the laser radiation dependence of
NPs. This also reduces the side effects of the drug as well as
modulates the volume of drug release in the cells. Therefore, this
drug delivery system may be desirable and promising.

Cellular uptake of fluorescent NPs

To investigate the uptake of NPs by tumor cells, these (TCA-
8113 cells/SCC-9 cells) were labeled with DAPI and analyzed by
confocal laser scanning microscopy (CLSM). Figure 4 shows that
DOX/H20-PLA@PDA-PEG NPs were not well taken up by the two
aforementioned tongue squamous carcinoma cells, as no red
fluorescence was observed in the non-aptamer group. On the
contrary, the red fluorescence around the blue fluorescence of the
nucleus could be seen in the aptamer group, indicating that a large
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amount of DOX/H20-PLA@PDA-PEG-FA NPs entered the tumor
cytoplasm, and no significant difference was observed in the two
types of tongue squamous carcinoma cells. To verify whether the
cellular uptake mechanism in the active targeting group was
mediated by aptamers or not, both active targeting NPs and free
aptamers were added to the cell cultures in the control
group. According to Figure 4, the addition of aptamers
significantly reduced the red fluorescence, suggesting that the
uptake of active targeting NPs was associated with aptamer-

mediated endocytosis.

Effect of NPs on cell viability

The cytotoxicity of the nanoparticles to SCC-9 cells and TCA-
8113 cells in vitro was assessed using MTT assays and compared
with the toxicity of the same nanoparticles to the target cells after
laser irradiation. Drug-free H20-PLA@PDA-PEG-FA NPs were
used to evaluate the toxicity of the drug vehicle to cells.

The cytotoxicity of the nano-drug carriers used in this
experiment was evaluated by measuring the cell viability of SCC-
9 and TCA-8113 cells after 24 h (Figure 5A; Figure 6A) and 48 h
(Figure 5B; Figure 6B) of therapy with drug-free H20-PLA@PDA-
PEG-FA NPs. According to the results, the cells treated with drug-
free H20-PLA@PDA-PEG-FA NPs exhibited a survival rate close to
100% under all conditions, indicating that the vector material was
essentially non-toxic to both cells.

The following results were obtained: 1) the toxicity of all drug-
loaded NPs to TCA-8113 cells intensified with increasing drug
concentration and also with increasing duration of action
(Figure 6); 2) the toxicity of all drug-loaded NPs to SCC-9 cells
intensified with increasing drug concentration, but the cytotoxicity
decreased after the duration of action beyond 24 h (Figure 5); 3) under
the same treatment time and the same drug concentration, the
cytotoxicity of drug-loaded NPs with targeting ligands was
significantly higher than that of NPs without targeting ligands
(Figure 5; Figure 6), indicating that the active targeting mechanism
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mediated by folic acid was more helpful for drug-loaded NPs to kill
tumor cells than the passive accumulation mechanism; 4) under the
same treatment time and the same drug concentration, the
cytotoxicity of different drug-loaded NPs significantly increased
under NIR laser irradiation (Figure 5; Figure 6), which was
consistent with the laser irradiation-dependent toxicity of the
drug-loaded nanoparticles in the in vitro drug release experiment;
5) for TCA-8113 cells, the experimental group treated with DOX/
H20-PLA@PDA-PEG-FA NPs ata DOX concentration of 10.0 ug/mL
for 48 h and simultaneously treated with laser irradiation exhibited
the lowest cell viability, i.e., the highest cytotoxicity, among all the
experimental groups; 6) for SCC-9 cells, the group treated with DOX/
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H20-PLA@PDA-PEG-FA NPs at a concentration of 10.0 pg/mL for
24 h and simultaneously treated with laser irradiation exhibited the
lowest cell survival rate, i.e., the highest cytotoxicity, among all the
experimental groups. In conclusion, the active targeting mechanism
combined with synergistic photothermal treatment improved the
cytotoxicity of the tumor cells.

In Vivo anti-tumor efficacy

Based on the cytotoxicity assay, the in vivo anti-tumor effect of
drug-loaded nanoparticles was further investigated to verify the in
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vivo tumor suppressive effect. We used injected saline as a blank
control and injected drug-free H20-PLA@PDA-PEG-FA NPs, DOX,
drug-loaded NPs (DOX/H20-PLA@PDA-PEG NPs, DOX/H20-
PLA@PDA-PEG-FA NPs), and DOX/H20-PLA@PDA-PEG-FA
NPs + NIR (as photothermal treatment). Injections were given
every 4 days during the 20-day treatment cycle, and the
photothermal team was treated with laser irradiation after 24 h.
Tumor volume measurements using vernier calipers and weighing
of nude mice were performed every 1 day. The nude mice were
sacrificed 20 days later, and the tumor tissue was isolated.

The results were as follows: 1) there was no significant
difference in tumor volume and weight between the saline and
drug-free NPs groups (Figures 7A-C), indicating that drug-free
NPs were not lethal to the tumor tissue; 2) the tumor volume and
weight in the naked drug group were larger than all experimental
groups containing drug-loaded NPs (Figures 7A-C), which may
be due to the hydrophilic PEG modification on the surface of
NPs, which helped to reduce the reticuloendothelial tissue
clearance, resulting in a greater effective drug accumulation at
the tumor site in the drug-loaded NPs group than in the naked
drug group; 3) the tumor volume in the DOX/H20-PLA@PDA-
PEG-FA NPs group during the experimental cycle was basically
smaller than that in the DOX/H20-PLA@PDA-PEG NPs group
(Figure 7A), and finally, the DOX/H20-PLA@PDA-PEG -FA NPs
experimental group also had a significantly lower tumor tissue
weight than the DOX/H20-PLA@PDA-PEG NPs experimental
group (Figure 7C), indicating that the targeting ligand folic acid
binds to the folic acid receptor overexpressed on the surface of
and facilitates the wuptake of drug-loaded

tumor cells
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nanoparticles by tumor cells; 4) the volume of tumors in the
experimental group treated with DOX/H20-PLA@PDA-PEG-FA
NPs + NIR gradually decreased during the treatment cycle
(Figure 7A), indicating that the targeted nano-delivery system
combined with photothermal treatment could significantly
inhibit tumor growth; 5) the tumor volume of the
experimental group treated with DOX/H20-PLA@PDA-PEG-
FA NPs basically did not increase during the treatment cycle
(Figure 7A), indicating its effect in inhibiting tumor growth; 6) in
the same time period, the body weight of nude mice in each
experimental group was basically not different from that of the
saline group (Figure 7D), indicating that the drug-loaded NPs
had no obvious toxic side effects on nude mice. In conclusion, the
targeted nano-drug delivery system based on polydopamine in
combination with photothermal therapy can inhibit tumor
growth with essentially no toxic side effects and has good
prospects for tumor treatment.

Histological analysis

The nude mice were sacrificed and their major organs (heart,
lung, liver, spleen, and kidney) collected, and the effects of drug-
loaded nanoparticles on the major organs were further investigated
using a tissue section analysis assay. As shown in Figure 8, there was
no significant damage to the major organs and tumor tissues in both
the saline control group and the nude mice with drug-free
nanoparticles, which means that the drug-free nanoparticles were
not cytotoxic. For the drug-loaded nanoparticle group, there was no
significant damage to the major organ sections, but the tumor tissue
sections had a wide range of apoptosis and damage: large areas of cell
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necrosis were observed in the tumor tissue sections treated with
DOX/H20-PLA@PDA-PEG-FA + NIR, indicating that it caused
more severe damage to the tumor and improved tumor suppression
efficacy.

In conclusion, the tumor-inhibiting effect of drug-loaded
nanoparticles in vivo and the results of cytotoxicity experiments
are mutually consistent. The drug-loaded nanoparticles essentially
inhibited tumor growth without causing damage to major organs.
Therefore, DOX/H20-PLA@PDA-PEG-FA + NIR therapy may be a
safe and effective novel tumor treatment modality.

Conclusion

The DOX/H20-PLA@PDA-PEG-FA NPs
experiment were prepared according to the following steps: DOX

used in this

loading, surface modification with polydopamine, and targeting
ligand attachment. The surface modification of the nanoparticles
with a polydopamine molecular layer and targeting ligands
promoted the passive accumulation and active targeting of the
nanoparticles in the tumor tissue, respectively, which further
improved the distribution of the nanoparticles in vivo. Due to
the photothermal effect and the pH sensitivity of the PDA films,
drug release was accelerated in the acidic tumor microenvironment
under laser irradiation. In vitro results show that the NPs display
non-cytotoxicity and high biocompatibility. In addition, the NPs
showed outstanding chemotherapeutic-photothermal synergy
probably due to their excellent
photothermal conversion properties. In conclusion, the NPs

under laser irradiation,

exhibit the following characteristics: long-lasting cycling in vivo
(PEG), active targeting (FA), pH responsiveness (PDA), and

chemotherapeutic drug loading and release. This novel
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polydopamine-surface-modified nanoplatform offers a new
direction in oral cancer therapy with significant potential for

tumor therapy.
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Introduction: Cancer selectivity, including targeted internalization and
accelerated drug release in tumor cells, remains a major challenge for
designing novel stimuli-responsive nanocarriers to promote therapeutic
efficacy. The hypoxic microenvironment created by photodynamic therapy
(PDT) is believed to play a critical role in chemoresistance.

Methods: We construct dual-responsive carriers (P*NPc7) that encapsulate the
photosensitizer chlorin e6 (Ce6) and hypoxia-activated prodrug tirapazamine
(TPZ) to enable efficient PDT and PDT-boosted hypoxia-activated chemotherapy.

Results and discussion: Due to TAT masking, ""NPct prolonged payload
circulation in the bloodstream, and selective tumor cell uptake occurred via
acidity-triggered TAT presentation. PDT was performed with a spatially
controlled 660-nm laser to enable precise cell killing and exacerbate hypoxia.
Hypoxia-responsive conversion of the hydrophobic NI moiety led to the
disassembly of PANPcr, facilitating TPZ release. TPZ was reduced to cytotoxic
radicals under hypoxic conditions, contributing to the chemotherapeutic cascade.
This work offers a sophisticated strategy for programmed chemo-PDT.

KEYWORDS

tumor pH, responsive nanocarriers, hypoxia-activated prodrug, TAT reactivation,
combined therapy

Introduction

In recent years, a variety of nanocarriers has been designed to deliver therapeutic agents for
combined chemo-photodynamic therapy (chemo-PDT) (Kim et al., 2017; Pei et al,, 2019; Yu et al,
2023). The complementary cell-killing mechanisms of combined chemo-PDT eliminate the
limitations of monotherapy and improve anticancer therapeutic efficacy (Conte et al, 2016;
Cheng et al., 2020; Majernik et al., 2022). Despite the theoretical promise of chemo-PDT, outcomes
are significantly limited by a lack of precise tumor targeting. Rather than relying on passive
enrichment in tumors via enhanced permeability and retention (EPR), tethering cell-penetrating
peptides (CPPs) to the nanocarriers promotes payload delivery to tumor cells (Guidotti et al., 2017;
Zorko et al,, 2022). However, the clearance by macrophages and non-specific distribution in healthy

110 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2023.1197404/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1197404/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1197404/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1197404/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1197404/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1197404&domain=pdf&date_stamp=2023-06-09
mailto:tmu_gaoan@163.com
mailto:tmu_gaoan@163.com
mailto:chysun412@163.com
mailto:chysun412@163.com
https://doi.org/10.3389/fbioe.2023.1197404
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1197404

Zhang et al.

tissue are major obstacles that limit the efficacy of CPPs (Deshpande et al,,
2013; Futaki and Nakase, 2017). To overcome these limitations, CPP
function must be precisely masked in the bloodstream and activated only
within the targeted solid tumors (Dohmen and Wagner., 2011; Zhu et al,,
2013). Many studies have focused on developing strategies for spatially
controlled, tumor-specific CPP presentation (Huang et al,, 2013; Li et al,,
2014; Ruoslahti, 2017; Jing et al., 2018; Mohammed et al.,, 2019). Due to its
homogeneity and stability, extracellular acidity (pH. ~6.5-6.8) is a
promising stimulus, and growing evidence has suggested the
outstanding sensitivity of the dimethyl maleate (DA) moiety to pH,
(Du et al., 2011; Gao et al., 2017; Ma and Sun, 2020).

The photosensitization reaction generally produces many toxic
reactive oxygen species (ROS) by consuming surrounding oxygen
(Abrahamse and Hamblin, 2016; Han et al,, 2022; Tang et al,, 2022).
As a result, cells that survive PDT exist in a hypoxic microenvironment,
and hypoxia-induced chemoresistance has become a critical issue in these
residual cells (Wang et al., 2017; Yang et al,, 2021). Hypoxia-inducible
factor-1la activity is upregulated, altering metabolism and drug efflux in
hypoxic tumor cells (Majmundar et al,, 2010; Cairns et al,, 2011; Ma et al,,
2022). Hypoxia also alters DNA methylation and autophagy, which are
related to chemotherapy resistance (Jing et al., 2019; Kopecka et al., 2021).
Pioneering studies have demonstrated that hypoxia-activated prodrugs
(HAPs), which can be converted from non-toxic to toxic molecules under
hypoxic conditions, offer a powerful strategy that can be combined with
PDT for the selective killing of hypoxic cells after PDT (Feng et al,, 2017;
Sun et al,, 2019; Zhu et al,, 2019; Jiang et al.,, 2022). HAPs typically interact
with nuclear DNA, so boosted intracellular drug release is also a highly
desirable feature of nanocarriers (Li et al., 2021; Yang et al., 2022). Specific
and effective cancer therapy requires the design of nanosystems with

10.3389/fbioe.2023.1197404

pHe-sensitive TAT presentation and hypoxia-boosted cargo release to
simultaneously achieve tumor homing and HAP liberation and activation
inside the targeted tumor.

We developed a mixed polymeric micelle (**NPcr) capable of TAT
presentation at pH, and hypoxia-responsive dissociation for controlled
PDT and hypoxia-activated chemotherapy. TAT-modified poly
(ethylene glycol)-polyphosphoesters (TAT-PEG-PHEP) and 2-
nitroimidazole-grafted PEGylated polyphosphoesters PEG-b-P (AEP-
¢-NI) were self-assembled to encapsulate chlorin e6 (Ce6;
photosensitizer) and tirapazamine (TPZ; HAPs). We hypothesized
that P*NP¢r could achieve prolonged blood circulation due to
temporary shielding of the TAT ligands via the DA moiety
(Figure 1). After entering the tumor matrix, pH.-induced DA
deshielding activated the TAT to promote cellular penetration. PDT
with a 660-nm laser triggered the production of cytotoxic ROS, thus
leading to cell killing and O, consumption. Local hypoxia converted
hydrophobic NI to hydrophilic 2-aminoimidazole to facilitate **NP¢r
dissociation and TPZ release and activation to produce toxic radical
species for the selective killing of hypoxic cells that remain after PDT.
Cascade-amplified therapeutic outcomes were studied in vitro and
in vivo.

Materials and methods

Materials

Ce6, 2,2-dimethoxy-2-phenyl acetophenone (DMPA), and TPZ
were obtained from Macklin. We synthesized (2-nitro-1H-imidazol-
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FIGURE 1

Scheme of PANPct desigh and pHc-sensitive TAT presenting and PDT-induced hypoxia-activated chemotherapy.
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1-yl) methanethiol (NI-SH), the diblock copolymer of PEG-b-PAEP,
and TAT-PEG-PHEDP as described previously (Li et al., 2017; Ma and
Sun, 2020). The cell counting kit-8 (CCK-8) was obtained from
Shanghai Saint-Bio. Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) were purchased from Gibco (Gibco,
United States). Phalloidin-Alexa Fluor 488 and DAPI were obtained
from Beyotime Biotechnology. All other reagents were of analytical
grade and used as received.

Synthesis of diblock PEG-b-P (AEP-g-NI)

NI-SH (292.8 mg; 1.84 mmol) and DMPA (14.1 mg) were mixed
in THF (16 mL) containing 287.2 mg PEG-b-PAEP and purged with
Ar, for 25 min. The reaction was incubated for 60 min at room
temperature under a 365-nm UV light, then transferred to a dialysis
tube (MWCO 3500 Da), and dialyzed against ddH,O at 4°C. The
solution was lyophilized to obtain PEG-b-P (AEP-g-NI).

Preparation of Ce6 and TPZ-loaded
nanocarriers

TAT-PEG-PHEP, PEG-b-P (AEP-g-NI), Ce6, and TPZ were
mixed at a weight ratio of 3:7:1:1 in DMF. The organic solution was
then added slowly to ddH,O under gentle stirring. After stirring
overnight, DMF and unencapsulated Ce6 and TPZ were removed by
dialysis against ddH,O. After centrifugation at 800 g for 15 min, the
nanoparticles (NPcy) were collected. To fabricate pH.-sensitive
PANPcr, NPcr was reacted with excess 2,3-dimethylmaleic
anhydride in ddH,O at pH 8-9 and 4°C for 6h and then
purified by ultrafiltration. A similar method was used to prepare
pHe-insensitive *NPcr with succinic anhydride instead of 2,3-
dimethylmaleic anhydride.

Cellular uptake of nanocarriers at different
pH conditions

MCE-7 cells were seeded in 24-well plates and incubated with
fresh DMEM containing NPcr, $*NPcr, or PANP¢p (pretreated at
pH 7.4 or 6.5) at 37°C for 6 h. The cells were washed with cold PBS,
fixed with paraformaldehyde, and analyzed by FACS. Total protein
and Ce6 concentrations in the cell lysate were analyzed using a
bicinchoninic acid kit and spectrofluorimetry, respectively.

MCE-7 cells were seeded on coverslips in 12-well plates and
incubated with NP¢p, $*NPcr, or NP (pretreated at pH 7.4 or
6.5) at 37°C for 6 h. The cells were washed with PBS, fixed with 4%
paraformaldehyde, and then stained with phalloidin-Alexa Fluor
488 and DAPI, according to standard protocols. The cells were then
visualized on a Zeiss LSM 810 confocal laser scanning microscope.

Cell killing by PATAT-NP¢c¢ in vitro

To study the biocompatibility of nanoparticles that have not
been loaded with Ce6 or TPZ, MCF-7 cells were seeded in 96-well
plates (10,000 cells per well) and incubated with NP, NP, or
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PANP for 72 h. To study the therapeutic efficacy of PDT and
hypoxia-activated chemotherapy, MCF-7 cells were seeded in 96-
well plates (10,000 cells per well). The normoxic (21% O,
pressure) or hypoxic condition (2% O, pressure) was
generated in a three-gas incubator, while the partial pressure
of CO, was maintained at 5%. NP, *NPcr, or PANPor was
added at pH 7.4 or 6.5, incubated for 4 h, and then incubated with
MCE-7 different
Ce6 concentrations for 24 h. The medium was replaced with
DMEM (10% FBS) without nanoparticles, and then, the cells were
exposed to a 660-nm laser (100 mW/cm? 15 min). After

cells under normoxic conditions at

incubation for another 48h under normoxic or hypoxic
conditions, viability was measured using a standard CCK-8 assay.

Pharmacokinetics and biodistribution of
PANPct in vivo

Female BALB/c mice were randomly divided into four groups
and treated with free Ce6, NPcr, S*NPcr, or PANP¢r via tail vein
injection (Ce6 10 mg/kg). At 10 min, 30 min, 1h,2h,4h,8h, 12 h,
24 h, and 48 h post-injection, blood samples were collected from the
retro-orbital plexus. The plasma was obtained by centrifugation, and
Ce6 content was quantified by high-performance
chromatography (HPLC).

To study the accumulation of "*NP¢r in the major organs and

liquid

tumor tissues, 1 x 107 MCF-7 cell suspension (200 pL) was injected
into the mammary fat pad of female BALB/c nude mice to develop a
tumor model. Mice bearing MCF-7 xenografts were treated with an
intravenous (i.v.) injection of free Ce6, NPy, **NPcr, or NPy
(Ce6 10 mg/kg). At 6h, 12h, and 24 h, tumor tissues and other
organs were excised and homogenized, and Ce6 content was
quantified by HPLC.

Antitumor efficacy in vivo

Female MCF-7 tumor-bearing BALB/c nude mice were
randomly divided into five groups (n = 6), and, once the tumor
volume reached ~100 mm?, the mice were treated with 0.9% NaCl,
free Ce6 + TPZ, NPcrp, **NPcr, or PANP¢p (TPZ 5 mg/kg) every
week. At 12 h post-injection, the tumor sites were exposed to 660-
nm light for 15 min at a power density of 200 mW/cm®. Tumor
volume (0.5 x length x width*) and body weight were monitored
every 3 days. On day 24, blood samples and the major organs were
collected for ELISA analysis and hematoxylin and eosin (H&E)
staining, respectively.

Results and discussion

Preparation of pH.- and hypoxia-responsive
PANPcr

To prepare hierarchically responsive nanocarriers, TAT-PEG-
PHEP and hypoxia-sensitive PEG-PAEP-NI were synthesized as
described previously. The efficiency of NI modification was
100% after thiol-ene “click”

approximately chemistry, as
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Vitamin C acts as an ROS scavenger.

indicated by "H NMR spectroscopy (Supplementary Figure S1).
Hydrophobic Ce6 and TPZ were encapsulated with TAT-PEG-
PHEP and PEG-b-P (AEP-g-NI) at a 3:7 weight ratio to form the
mixed micelle (NPcr). Finally, 2,3-dimethylmaleic anhydride was
introduced to react with the lysine amines of NPcr to yield
nanoparticles with pH.-responsive TAT reactivation properties
(°*NPcr). For comparison, pH-insensitive *NPcp was prepared
by decoration with succinic anhydride. The hydrodynamic diameter
of NPcr, **NPcr, and P"NPcr was measured by dynamic light
scattering and transmission electron microscopy. The various
nanoparticles had a diameter of ~80 nm and a uniform, spherical
morphology (Figures 2A,B). According to the UV-vis absorbance at
642 and 698 nm, the encapsulation efficacies of the mixed micelles
were 2.31% (Ce6) and 2.69% (TPZ), respectively. The average size of
the nanoparticles, regardless of TAT modification, remained
unchanged in PBS over 168h (Supplementary Figure S2),
verifying the outstanding colloidal stability provided by the outer
PEG layer.

As expected, the TAT amine groups are exposed to enable cell
penetration following degradation at an acidic tumor pH. We
monitored the zeta potential at pH 6.5 or 7.4 and found that NPct
maintained its original zeta potential at both pH values,
comparable to that of TAT-decorated nanocarriers reported
elsewhere (Figure 2C) (Li et al., 2017; Zhang et al., 2020).
However, the zeta potential of ""NPcr increased dramatically
from +1.4 mV to +15.1 mV at pH 6.5. Meanwhile, the slight zeta
potential elevation of "*NPcr at pH 7.4 could be explained as the
partial breakage of unstable amide bonds within the DA moieties.
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With SA modification, **NPcr masked the TAT ligand, and a
minimal zeta potential change was observed at both pH levels.
The fluorescamine method was used to quantify the exposed
amine groups. Compared to the control groups, the DA
degradation efficiency of P NPcr reached 85.78% + 4.65% at
pH 6.5 (Supplementary Figure S3), and only 22.36% + 2.58% of
DA moieties broke at neutral pH.

The PDT effect at 660 nm was measured using a 2',7’-
dichlorodihydrofluorescein ~ diacetate probe because it was
oxidized by ROS to obtain fluorescent DCFH (Eruslanov and
Kusmartsev, 2010; Kim and Xue, 2020). Emission fluorescence
measurements of NPep, S*NPep, and P*NPgr at 525 nm
(excitation = 488 nm)
dependent ROS production rates (Figure 2D). The fluorescence
intensity of DCFH induced by NPcrp, *NPcrp, and PANP¢cp was
reduced by nearly ~11.6-fold after adding an ROS scavenger

revealed comparable laser power-

(vitamin C). ROS generated by Ce6 was mainly derived from
singlet oxygen via the Type 1 mechanism. The abundant ROS
generation confirmed that Ce6-encapsulated nanoparticles are
efficient for PDT application and accelerated hypoxia-boosted
TPZ release.

According to our design, the hypoxic conditions created by PDT
facilitate hydrophobic NI conversion to hydrophilic AI and boost
micelle disassembly and cargo release. Therefore, we measured the
variability in the diameter of NI-containing nanoparticles after 660-
nm laser exposure. The diameters of NPcr, **NPcr, and "ANPcr
significantly decreased to ~45nm following photosensitization
(Figure 3A), and negligible changes were observed in the dark.
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(A) Diameter change in NP, **NPcr, and NPt after exposure to 660-nm near infrared light. (B) Cumulative TPZ release profile of NPcr, **NPcr,

and P"NPct. The power density of 660-nm laser was 500 mW/cm?. *p < 0.05. (C) Cumulative TPZ release profile of ®*NPcr at 500 mW/cm?, 200 mW/
cm?, and 100 mW/cm? or in the dark. *p < 0.05. (D) Pulsed 660-nm laser-triggered TPZ release from PANP<r. The samples were exposed to laser at the
predetermined time intervals indicated by the black arrows.
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(A) Intracellular fluorescence of NPcr, *NPcr, and PANPcr in MCF-7 cells at pH 7.4 or 6.5. (B) Intracellular Ce6 concentration in MCF-7 cells at
different pH conditions. *p < 0.05.

We quantified the TPZ release profiles with or without PDT via  densities (Figure 3C). The 660-nm laser on/off cycle induced
fluorescence spectrometry. At 48 h, there were 75.96% + 3.94%,  controlled pulses of TPZ release from "*NPcy (Figure 3D). The
72.31% + 2.14%, and 73.14% * 2.96% TPZ leakages from NPcy,  hierarchy of pH. and hypoxic conditions enabled TAT ligand
SANPcr, and PANPcr after laser treatment, respectively (Figure 3B).  presentation and cargo release, promoting the accumulation of
In contrast, less than 12.50% of the total TPZ was detected without  active drug content at the target site.

laser irradiation, and there was no significant difference in TPZ

release rates. TPZ release from "*NPcr exhibited a power density- ~ Cellular uptake of ®*NPct at pH 6.5

dependent pattern, and PDT resulted in 73.66% + 3.34%, 49.53% * To track the TAT presentation of P NPcr under acidic
2.34%, and 30.21% + 2.09% of TPZ liberation at different power  conditions to facilitate cellular internalization, MCF-7 cells were
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CLSM observation of NPcr, **NPct, and PANPc1 on MCF-7 cells at either pH 7.4 or 6.5. Cell nuclei and F-actin were stained by DAPI (blue) and

phalloidin-Alexa Fluor 488 (green), respectively. The scale bar is 20 pm.

cultured and treated with NPcrp, *NPcr, and PANPcr for 4 h. The
internalized NP content was analyzed by FACS, which revealed
limited cellular uptake with S*NP¢ pretreatment at pH 7.4 and 6.5,
suggesting reduced interaction between masked TAT-induced and
targeted cells (Figure 4A). Due to the pH.-sensitive TAT, the
PANPcr significantly higher at
pH 6.5 than at pH 7.4, comparable to that of NP¢r. Following
cell lysis, we used HPLC to detect intracellular TPZ concentration
and found that the internalized TPZ of P*NP¢r increased from
0.69 + 0.07 ug/mg protein (pH 7.4) to 1.39 + 0.09 pg/mg protein
(pH 6.5) (Figure 4B). However, there was no noticeable change in

intracellular content was

the NPcr and S*NPcr groups at neutral or acidic pH. The pH-
induced P*NPcp pattern was confirmed by confocal imaging.
Compared to the weakened signals in the S*NPcp groups,
significantly stronger fluorescence was observed when cells were
incubated with "*NPcr pretreated at pH 6.5 (Figure 5). These results
verified that the penetration capacity of masked TAT was specifically
activated by the extracellular pH microenvironment.

Cell killing in vitro

The biocompatibility of non-loaded NP, NP, and "*NP was
evaluated by CCK-8 assay, which showed no notable cytotoxicity
in MCF-7 cells at the highest concentration of 500 pug/mL
(Supplementary Figure S4). For chemo-PDT effectiveness, cells
were incubated with NPcr, S*NP¢r, or PANPcr, exposed to 660-
nm light for 20 min, and then cultured at different O,
concentrations. Without laser exposure, NPcr, *NPcr, and
P*NPcr induced low toxicity even under hypoxic conditions
because of the absence of the PDT effect and TPZ (HAP)
release (Figures 6A,B). However, laser irradiation-triggered

Frontiers in Bioengineering and Biotechnology

cell killing occurred in all groups at comparable levels
regardless of pH or O, conditions. Hypoxic culture reduced
cell viability, indicating that TPZ was reduced to cytotoxic
radicals that interacted with the nuclear DNA. Compared to
the viability of MCF-7 cells treated with "*NP¢r at pH 7.4, acidic
treatment promoted cell killing with 51.07% + 6.98% cell viability
(Ce6 4.0 pg/mL) under normoxic conditions. This difference is
attributable to the reactivable TAT ligands and improved
Ce6 and TPZ internalization. Under hypoxic conditions, the
viabilities of NPcr + L and P NPcr + L groups at acidic
pH were 21.90% + 2.30% and 26.67% * 4.29%, respectively,
0.50- and 0.61-fold lower than those of S*NPcr + L.
Accordingly, the interactions between PDT and hypoxia-
activated chemotherapy indicate that "*NP¢r could serve as a
robust delivery platform for precise cancer therapy.

Pharmacokinetic and biodistribution of
PATAT-NPce6 in vivo

With pH.-sensitive DA masking, the penetrating ability of the
TAT ligand in "*NPcr was temporally blocked in the bloodstream,
limiting phagocytosis. We measured the plasma concentrations of
Ce6 following the intravenous injection of different formulations
(Figure 7A). NPcp with bare TAT ligands was rapidly cleared from
the circulation, yielding a Ce6 concentration of 0.63 + 0.45 ug/mlL at
PANPp
substantially prolonged the Ce6 circulation, consistent with prior
reports (Gao et al., 2017; Zhang et al., 2022). Compared to **NPcr
administration, the Ce6 plasma concentration in the NPy group
at 72h post-injection was reduced from 2.71 + 1.06 to 1.81 *
0.54 ug/mL. The pharmacokinetic difference between **NPcr and

72h post-injection. In contrast, both **NPcr and
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PANPcr could be explained by the slight DA degradation at pH 7.4
(Supplementary Figure S4). We calculated the pharmacokinetic
parameters of these nanocarriers using a non-compartmental
model (Figures 7B,C) and found that the AUC,, values of
SANPcr and PANPcyp were 3.08- and 2.32-fold higher than those
of NPcr, respectively.

Next, NPcr, *NPcr, or PANPcr were iv. injected into
BALB/c nude mice bearing MCF-7 xenografts to evaluate
their biodistribution, especially toward tumor tissues. After
administration, the mice were euthanized at predetermined
timepoints, and the Ce6 content in different organs was
analyzed by HPLC. P2NPcpr had the most preferential
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retention in tumor tissues at 48 h compared to NPcr and
SANPcp due to the pH,-triggered TAT-presenting effect
(Figure 7D). Although *NPcr showed more advanced tumor
extravasation via EPR based on the best circulation pattern,
stable SA modification impeded TAT ligand interaction and
function in the tumor cells, resulting in insufficient tumor
accumulation. The amounts of P*NPcp quantified by
Ce6 content were 2.32% + 0.29%, 3.11% + 0.23%, and
2.47% + 0.21% ID per gram of tumor at 12, 24, and 48h,
respectively. The nano-sized delivery systems NPcr, S*NPcr,
and P*NPcp accumulated in the liver and spleen, both
components of the reticuloendothelial system (Figure 7E).
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(A) Tumor growth curve of the MCF-7 tumor-bearing BALB/c nude mice treated with various formulations. The mice bearing intravenous injections
were performed on days 0, 7, 14, and 21. *p < 0.05. (B) MCF-7 tumor mass after the treatment. *p < 0.05. (C) Tumor images at the end of the treatment. (D)
H&E staining of tumors and major organs at the end of the tumor treatment.

Therapeutic efficacy of ® NP¢t in vivo

Encouraged by the excellent in vitro performance, we evaluated
the in vivo antitumor efficacy of ®*NPcp. MCF-7 tumor-bearing
mice were randomly divided and treated via i.v. injection with (1)
0.9% NaCl, (2) free Ce6 + TPZ + PDT, (3) NPcr + PDT, (4) $*NP¢r
+ PDT, and (5) ""NPcr + PDT. The equivalent TPZ dose was
5.0 mg/kg, and the tumor size was recorded every 3 days. Tumor
volume in the saline group rapidly increased to 1986.15 mm? at the
end of treatment (Figure 8A). Because of their prolonged blood
circulation and improved biodistribution, NPcr and S*NPcr
significantly inhibited tumor growth after PDT compared to the
free Ce6 + TPZ + PDT. Notably, the smallest tumor volumes in the
PANPcr + L group revealed that this treatment yielded the best
therapeutic effect, with an average tumor volume of only
567.78 mm® on day 24. The tumor weight after euthanizing
confirmed these results (Figure 8B). Tumor mass in the "*NPcr
+ PDT group was 0.70- and 0.52-fold lower than that in the NPcr +
L and **NPcr + L groups, respectively. In addition, the body weight
curves in Supplementary Figure S5 show that the ®*NPcy + L group
did not experience a decline in the body weight, suggesting the
biosafety of NPy in vivo. H&E staining (Figure 8C), routine
and ELISA tests
liver/kidney ~damage after

blood count (Supplementary Table SI),
(Supplementary Figure S6) for
treatment showed no significant lesions or inflammation in any
groups, validating the biocompatibility of the "*NPcy system.
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Conclusion

In this work, a hierarchically responsive nanocarrier “NPcy
was fabricated to spatially control TAT presentation in tumor sites
for PDT-initiated, hypoxia-activated cancer therapy. "“NPcr
exhibited advanced stability at neutral pH and rapidly reactivated
TAT function in response to pH,, specifically accelerating
internalization by tumor cells. Upon 660-nm laser irradiation,
Ce6-based PDT produced cell-killing ROS and consumed
surrounding O, to generate hypoxic conditions that stimulated
PANPcr disassembly and TPZ liberation. Chemotherapy with
TPZ was enhanced by the aggravated hypoxia in tumor tissues.
The biosafety studies of P*NPcp showed excellent in vivo
biocompatibility with healthy organs. On the other hand, further
studies on the feeding ratio of TAT-PEG-b-PHEP, PEG-b-P (AEP-
g-NI), Ce6, and TPZ during the preparation of "*NP¢r is necessary
for optimal therapeutical efficacy in vivo. This work contributes to
the rational design of tumor microenvironment-responsive
nanocarriers for precise and cascade cancer therapies.
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